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(57) Abstract: The present invention is a novel block copolymer containing a controlled distribution copolymer block of a con- 
jugated diene and a mono alkenyl arene, where the controlled distribution copolymer block has terminal regions that are rich in 
conjugated diene units and a center region that is rich in mono alkenyl arene units. Also disclosed is a method for manufacture of 
the block copolymer. 
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NOVEL BLOCK COPOLYMERS AND 
METHOD FOR MAKING SAME 

Field of the Invention 

[0001] This invention relates to novel anionic block copolymers of mono alkenyl arenes and 
conjugated dienes, and to the methods for making such block copolymers. In particular, the invention 
relates to sulfonated anionic block copolymers where one of the blocks is a controlled distribution 
copolymer of a conjugated diene and mono alkenyl arene having a specific arrangement of the monomers in 
the copolymer block. 

Background of the Invention 

[0002] The preparation of block copolymers is well known. In a representative synthetic method, an 
initiator compound is used to start the polymerization of one monomer. The reaction is allowed to proceed 
until all of the monomer is consumed, resulting in a living homopolymer. To this living homopolymer is 
added a second monomer that is chemically different from the first. The living end of the first polymer 
serves as the site for continued polymerization, thereby incorporating the second monomer as a distinct 
block into the linear polymer. The block copolymer so grown is living until terminated. 

[0003] Termination converts the living end of the block copolymer into a non-propagating species, 
thereby rendering the polymer non-reactive toward monomer or coupling agent. A polymer so terminated 
is commonly referred to as a diblock copolymer. If the polymer is not terminated the living block 
copolymers can be reacted with additional monomer to form a sequential linear block copolymer. 
Alternatively the living block copolymer can be contacted with multifunctional agents commonly referred 
to as coupling agents. Coupling two of the living ends together results in a linear triblock copolymer 
having twice the molecular weight of the starting, living, diblock copolymer. Coupling more than two of 
the living diblock copolymer regions results in a radial block copolymer architecture having at least three 
arms. 

[0004] One of the first patents on linear ABA block copolymers made with styrene and butadiene is 
U.S. Pat. 3,149,182. These polymers in turn could be hydrogenated to form more stable block copolymers, 
such as those described in U.S. Pat. Nos.: 3,595,942 and Re. 27,145. In some cases what was desired was a 
random copolymer, such as an SBR, rather than a block copolymer. Random styrene butadiene copolymers 
or SBR are disclosed in U.S. Pat. Nos.: 2,975,160, 4,547,560, 4,367,325 and 5,336,737. 

[0005] Inventors desiring a low melt viscosity in block copolymers considered the use of random 
styrene and butadiene blocks, as disclosed in U.S. Pat. 3,700,633. One means of introducing transparency 
to block copolymers was to also provide for random blocks, such as in U.S. Pat. Nos. 4,089,913, 4,122,134 
and 4,267,284. 

[0006] When preparing random blocks of styrene and butadiene, so-called "tapered" blocks would 
result due to the fact that butadiene copolymerizes at a faster rate than does styrene. See, e.g. U.S. Pat. Nos.: 
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5,191,024, 5,306,779 and 5,346,964. So in U.S. Pat. 4,603,155 the patentee prepared a block comprising 
multiple tapered blocks to achieve a more random copolymer. But in many cases the patentee relies on the 
continuous addition of both monomers or the use of randomizing agents to achieve a more random 
structure. Such techniques are disclosed in U.S. Pat. Nos. 3,700,633 and 4,412,087 and German patent 
applications DE 4420952, DE 19615533, DE 19621688, DE 195003944, DE 19523585, andDE 19638254. 
However, some randomizing agents will poison hydrogenation catalysts, and make the subsequent 
hydrogenation of the polymers difficult or impossible, so such randomizing agents must be avoided. 
Randomization agents containing N atoms are particularly prone to this problem. 

[0007] While some improvements in properties have been made, it would be significant if it were 
possible to increase the stretching stiffness of a styrene/diene block copolymer without increasing the 
plasticity. What is also desired is a polymer having an increased polarity, while also having significantly 
.lower melt and solution viscosity. Applicants have found that these improvements can be achieved by 
designing a polymer having a different structure in the diene block, wherein undesirable blockiness is 
avoided and undesirable effects occurring during post-polymerization hydrogenation treatments are also 
reduced or avoided. 

Summary of the Invention 

[0008] The present invention broadly comprises a sulfonated block copolymer having at least one A 
block and at least one B block, wherein: 

a. each A block is a mono alkenyl arene polymer block and each B block is a controlled distribution 
copolymer block of at least one conjugated diene and at least one mono alkenyl arene; 

b. each A block independently having a number average molecular weight between about 3,000 and 
about 60,000 and each B block independently having a number average molecular weight between 
about 30,000 and about 300,000; 

c. each B block comprises terminal regions adjacent to the A block that are rich in conjugated diene 
units and one or more regions not adjacent to the A blocks that are rich in mono alkenyl arene 
units; 

d. the total amount of mono alkenyl arene in the block copolymer is about 20 percent weight to about 
80 percent weight; and 

e. the weight percent of mono alkenyl arene in each B block is between about 10 percent and about 
75 percent. 

This block copolymer may be hydrogenated partially, selectively, or fully. In a preferred embodiment 
the block copolymer will have a Young's modulus of less than 2,800 psi (20MPa) and a rubber 
modulus or slope between 100 and 300% elongation of greater than 70psi (0.5 MPa). Such properties 
are not to be found in polymers of the prior art. 

[0009] Accordingly, in one aspect, the present invention relates to an unhydrogenated block 
copolymer having the general configuration A-B, A-B-A, (A-B) n , (A-B-A) n , (A-B-A) n X, (A-B) n X or 
mixtures thereof, where n is an integer from 2 to about 30, and X is coupling agent residue and wherein: 
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a. each A block is a mono alkenyl arene polymer block and each B block is a controlled distribution 
copolymer block of at least one conjugated diene and at least one mono alkenyl arene; 

b. each A block having a number average molecular weight between about 3,000 and about 60,000 
and each B block having a number average molecular weight between about 30,000 and about 
300,000; 

c. each B block comprises terminal regions adjacent to the A block that are rich in conjugated diene 
units and one or more regions not adjacent to the A blocks that are rich in mono alkenyl arene 
units; 

d. the total amount of mono alkenyl arene in the block copolymer is about 20 percent weight to about 
80 percent weight; and 

e. the weight percent of mono alkenyl arene in each B block is between about 10 percent and about 
75 percent. 

[0010] In another aspect, the present invention relates to a hydrogenated block copolymer having the 
general configuration A-B, A-B-A, (A-B) n , (A-B-A) n , (A-B-A) n X, (A-B) n X or mixtures thereof where n is 
an integer from 2 to about 30, and X is coupling agent residue and wherein: 

a. prior to hydrogenation each A block is a mono alkenyl arene polymer block and each B block is a 
controlled distribution copolymer block of at least one conjugated diene and at least one mono 
alkenyl arene; 

b. subsequent to hydrogenation about 0-10 % of the arene double bonds have been reduced, and at 
least about 90% of the conjugated diene double bonds have been reduced; 

c. each A block having a number average molecular weight between about 3,000 and about 60,000 
and each B block having a number average molecular weight between about 30,000 and about 
300,000; 

d. each B block comprises terminal regions adjacent to the A block that are rich in conjugated diene 
units and one or more regions not adjacent to the A block that are rich in mono alkenyl arene 
units; 

e. the total amount of mono alkenyl arene in the hydrogenated block copolymer is about 20 percent 
weight to about 80 percent weight; and 

f. the weight percent of mono alkenyl arene in each B block is between about 10 percent and about 
75 percent. 

If desired the A blocks may also be fully saturated such that at least about 90 % of the arene double bonds 
have been reduced. Also, if desired the saturation of the diene blocks may be reduced such that anywhere 
from 25 to 95 % of the diene double bonds are reduced. Still further, it is also possible to saturate only 
those double bonds that have a vinyl linkage. 

[001 1] In still another aspect, the present invention comprises a block copolymer having at least one 
A block, at least one B block and at least one C block, wherein: 
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a. each A block is a mono alkenyl arene polymer block, each B block is a controlled distribution 
copolymer block of at least one conjugated diene and at least one mono alkenyl arene, and each C 
block is a polymer block of one or more conjugated dienes; 

b. each A block having a number average molecular weight between about 3,000 and about 60,000, 
each B block having a number average molecular weight between about 30,000 and about 300,000, 
and each C block having a number average molecular weight between about 2,000 and about 
200,000; 

c. each B block comprises terminal regions adjacent to the A block that are rich in conjugated diene 
units and one or more regions not adjacent to the A blocks that are rich in mono alkenyl arene 
units; 

d. the total amount of mono alkenyl arene in the block copolymer is about 20 percent weight to about 
80 percent weight; and 

e. the weight percent of mono alkenyl arene in each B block is between about 10 percent and about 
75 percent. 

This block copolymer may also be hydrogenated selectively, fully or partially. 

[001 2] In yet another aspect, the present invention comprises a tetrablock copolymer having the 
structure Ai-Bx-A^B^ wherein: 

a. each A! and A 2 block is a mono alkenyl arene polymer block, each B 2 block is a controlled 
distribution copolymer block of at least one conjugated diene and at least one mono alkenyl arene, 
and each B 2 block is selected from the group consisting of (I) a controlled distribution copolymer 
block of at least one conjugated diene and at least one mono alkenyl arene(ii) a homopolymer 
block of a conjugated diene and (iii) a copolymer block of two or more different conjugated 
dienes; 

b. each Ai and A 2 block having a number average molecular weight between about 3,000 and about 
60,000, each Bi block having a number average molecular weight between about 30,000 and about 
300,000, and each B 2 block having a number average molecular weight between 2,000 and 40,000; 

c. each B! block comprises terminal regions adjacent to the A block that are rich in conjugated diene 
units and one or more regions not adjacent to the A blocks that are rich in mono alkenyl arene 
units; 

d. the total amount of mono alkenyl arene in the block copolymer is about 20 percent weight to about 
80 percent weight; and 

e. the weight percent of mono alkenyl arene in each Bi block is between about 10 percent and about 
75 percent. 

This tetrablock copolymer may be hydrogenated selectively, fully or partially. 

[001 3] Applicants also claim as their invention processes for making such polymers. One of the 
processes comprises: 
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a. polymerizing a mono alkenyl arene in a first reactor in the presence of an inert hydrocarbon 
solvent and an organolithium initiator whereby a living polymer block Al terminated with a 
lithium ion is formed; 

b. adding to a second reactor an inert hydrocarbon solvent, 80 to 100% of the mono alkenyl arene 
monomer desired in the copolymer block Bl, between 10 and 60% of the conjugated diene 
monomer desired in the copolymer block Bl, and a distribution agent; 

c. transferring the living homopolymer block Al to the second reactor and starting the 
polymerization of the mono alkenyl arene monomer and conjugated diene monomer added in step 
b; and 

d. after about 5 to about 60 mol percent of the monomers of step c have been polymerized, 
continuously adding the remaining amount of conjugated diene monomer and mono alkenyl arene 
to the second reactor at a rate that maintains the concentration of the conjugated diene monomer at 
not less than about 0.1% weight until about 90% of the monomers in block Bl have been 
polymerized. It is preferable that less than 20% by weight of the unreacted monomer present at the 
end of the continuous addition be comprised of mono alkenyl arenes most preferable, less than 
15%, thereby forming a living block copolymer A1B1. 

[0014] Another process of the present invention involves: 

a. polymerizing a mono alkenyl arene in a first reactor in the presence of an inert hydrocarbon 
solvent and an organolithium initiator whereby a living polymer block Al terminated with a 
lithium ion is formed; 

b. prior to the completion of the polymerization in step a, adding to the reactor in one aliquot between 
40 and 60% of the conjugated diene monomer desired in the copolymer block Bl, and an effective 
amount of a distribution agent and continuing the polymerization of the mono alkenyl arene 
monomer and conjugated diene monomer; 

c. after about 10 to about 60 mole % of the monomers of step b have been polymerized, gradually 
adding the remaining amount of conjugated diene monomer and mono alkenyl arene to the reactor 
at a rate that maintains the concentration of the conjugated diene monomer at no less than about 
0.1% weight until about 90% of the monomers in block Bl have been polymerized, thereby 
forming a living copolymer block copolymer A1B1 ; and 

d. adding additional mono alkenyl arene monomer to the reactor, thereby forming a living copolymer 
A1B1A2, wherein the Al block and the A2 block each has a number average molecular weight of 
about 3,000 to about 60,000 and the Bl block has a number average molecular weight of about 
30,000 to about 300,000. 

[001 5] In an alternative embodiment, the mono alkenyl arene monomer in block Al is polymerized to 
completion, and mono alkenyl arene monomer and conjugated diene monomer are charged simultaneously, 
but the mono alkenyl arene monomer is charged at a much faster rate. 
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Brief Description of the Drawings 

[0016] Figures 1, 2 and 3 shows the distribution of styrene and butadiene in the midblock of three 
separate S-S/Bd-S block copolymers. As shown in the Figures, the controlled distribution copolymer block 
of the present invention is characterized by the presence of butadiene rich regions on the ends of the block 
and styrene rich regions near the middle or center of the controlled distribution block. Figure 4 is a plot of 
the tensile properties of block copolymers of the present invention containing styrene in the midblocks and 
having controlled distribution compared to normal and high vinyl polymers. All of the polymers in Figure 
4 had nominal block molecular weights of 10,000-80,000-10,000. Figure 5 compares the stress-strain 
curves of a controlled distribution polymer of the present invention against a commercial product with 
similar styrene contents, but not a controlled distribution. 

Detailed Description of the Invention 

[0017] The present invention offers novel compositions and methods of preparing such in 
copolymerizing alkenyl arenes and dienes as part of a mono alkenyl arene/conjugated diene block 
copolymer. Surprisingly, the combination of (1) a unique control for the monomer addition and (2) the use 
of diethyl ether or other modifiers as a component of the solvent (which will be referred to as "distribution 
agents") results in a certain characteristic distribution of the two monomers (herein termed a "controlled 
distribution" polymerization, i.e., a polymerization resulting in a "controlled distribution" structure), and 
also results in the presence of certain mono alkenyl arene rich regions and certain conjugated diene rich 
regions in the polymer block. For purposes hereof, "controlled distribution" is defined as referring to a 
molecular structure having the following attributes: (1) terminal regions adjacent to the mono alkenyl arene 
homopolymer ("A") blocks that are rich in (i.e., having a greater than average amount of) conjugated diene 
units; (2) one or more regions not adjacent to the A blocks that are rich in (i.e., having a greater than 
average amount of) mono alkenyl arene units; and (3) an overall structure having relatively low blockiness. 
For the purposes hereof, "rich in" is defined as greater than the average amount, preferably greater than 5% 
the average amount. This relatively low blockiness can be shown by either the presence of only a single 
glass transition temperature ("Tg,") intermediate between the Tg's of either monomer alone, when analyzed 
using differential scanning calorimetry ("DSC") thermal methods or via mechanical methods, or as shown 
via proton nuclear magnetic resonance ("H-NMR") methods. The potential for blockiness can also be 
inferred from measurement of the UV-visible absorbance in a wavelength range suitable for the detection of 
polystyryllithium end groups during the polymerization of the B block. A sharp and substantial increase in 
this value is indicative of a substantial increase in polystyryllithium chain ends. In this process, this will 
only occur if the conjugated diene concentration drops below the critical level to maintain controlled 
distribution polymerization. Any styrene monomer that is present at this point will add in a blocky fashion. 
The term "styrene blockiness", as measured by those skilled in the art using proton NMR, is defined to be 
the proportion of S units in the polymer having two S nearest neighbors on the polymer chain. The styrene 
blockiness is determined after using H-l NMR to measure two experimental quantities as follows: 
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[0018] First, the total number of styrene units (i.e. arbitrary instrument units which cancel out when 

ratioed) is determined by integrating the total styrene aromatic signal in the H-l NMR spectrum from 7.5 to 

6.2ppm and dividing this quantity by 5 to account for the 5 aromatic hydrogens on each styrene aromatic 

ring. 

[0019] Second, the blocky styrene units are determined by integrating that portion of the aromatic 
signal in the H-l NMR spectrum from the signal minimum between 6.88 and 6.80 to 6.2ppm and dividing 
this quantity by 2 to account for the 2 ortho hydrogens on each blocky styrene aromatic ring. The 
assignment of this signal to the two ortho hydrogens on the rings of those styrene units which have two 
styrene nearest neighbors was reported in F. A. Bovey, High Resolution NMR of Macromolecules 
(Academic Press, New York and London, 1972), chapter 6. 

The styrene blockiness is simply the percentage of blocky styrene to total styrene units: 
Blocky % - 100 times (Blocky Styrene Units / Total Styrene Units) 

[0020] Expressed thus, Polymer-Bd-S-(S)n-S-Bd-Polymer, where n is greater than zero is defined to 
be blocky styrene. For example, if n equals 8 in the example above, then the blockiness index would be 
80%. It is preferred that the blockiness index be less than about 40. For some polymers, having styrene 
contents often weight percent to forty weight percent, it is preferred that the blockiness index be less than 
about 10. 

[0021] This controlled distribution structure is very important in managing the strength and Tg of the 
resulting copolymer, because the controlled distribution structure ensures that there is virtually no phase 
separation of the two monomers, i.e., in contrast with block copolymers in which the monomers actually 
remain as separate "microphases", with distinct Tg's, but are actually chemically bonded together. This 
controlled distribution structure assures that only one Tg is present and that, therefore, the thermal 
performance of the resulting copolymer is predictable and, in fact, predeterminable. Furthermore, when a 
copolymer having such a controlled distribution structure is then used as one block in a di-block, tri-block 
or multi-block copolymer, the relatively higher Tg made possible by means of the presence of an 
appropriately-constituted controlled distribution copolymer region will tend to improve flow and 
processability. Modification of certain other properties is also achievable. 

[0022] In a preferred embodiment of the present invention, the subject controlled distribution 
copolymer block has two distinct types of regions - conjugated diene rich regions on the end of the block 
and a mono alkenyl arene rich region near the middle or center of the block. What is desired is a mono 
alkenyl arene/conjugated diene controlled distribution copolymer block, wherein the proportion of mono 
alkenyl arene units increases gradually to a maximum near the middle or center of the block and then 
decreases gradually until the polymer block is fully polymerized. This structure is distinct and different 
from the tapered and/or random structures discussed in the prior art. 

[0023] Anionic, solution copolymerization to form the controlled distribution copolymers of the 
present invention can be carried out using, to a great extent, known and previously employed methods and 
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materials. In general, the copolymerization is attained anionically, using known selections of adjunct 
materials, including polymerization initiators, solvents, promoters, and structure modifiers, but as a key 
feature of the present invention, in the presence of a certain distribution agent. Such distribution agent is, in 
preferred embodiments, a non-chelating ether. Examples of such ether compounds are cyclic ethers such as 
tetrahydrofuran and tetrahydropyran and aliphatic monoethers such as diethyl ether and dibutyl ether. In 
some cases, particularly where the vinyl content of the conjugated diene is to be over 50%, it may be 
necessary to use a chelating agent, including dialkyl ethers of ethylene glycol and aliphatic polyethers such 
as diethylene glycol dimethyl ether and diethylene glycol diethyl ether. Other distribution agents include, 
for example, ortho-dimethoxybenzene or "ODMB", which is sometimes referred to as a chelating agent. 
Preferably the ether is an aliphatic monoether, and more preferably diethyl ether. Such copolymerization 
can be conducted as a batch, semi-batch, or continuous preparation, with batch being most preferred, but 
regardless, it is important that the randomization agent be present in the selected solvent prior to or 
concurrent with the beginning of the copolymerization process. 

[0024] The introduction of the distribution agent counteracts the preference of the growing chain end 
to attach to one monomer over another. For example, in the case of styrene and a diene, the preference 
would be toward the diene. This distribution agent operates to promote more efficient "controlled 
distribution" copolymerization of the two monomers because the living chain end "sees" one monomer 
approximately as easily as it "sees" the other. The polymerization process is thereby "tuned" to allow 
incorporation of each of the monomers into the polymer at nearly the same rate. Such a process results in a 
copolymer having no "long runs" of either of the monomer components - in other words, a controlled 
distribution copolymer as defined hereinabove. In the preferred process, the mono alkenyl arene monomer 
will be nearly consumed by the time that the slow addition of the second aliquot of diene is complete, so 
that the polymerization ends rich in the conjugated diene. Short blocks of the conjugated diene monomer 
may be formed throughout the polymerization, but blocks of the mono alkenyl arene monomer are only 
formed when the concentration of the conjugated diene monomer becomes quite low. Under the preferred 
conditions, the cumulative percentage of the mono alkenyl arene monomer in the B block peaks at about 
40% - 60% overall conversion, but only exceeds the final value by about 25% - 30%. The result of this 
relatively uniform distribution of monomers is a product having a single Tg, which is a weighted average of 
the Tg values of the two corresponding homopolymers. 

[0025] As noted above, the distribution agent is preferably a non-chelating ether. By "non-chelating" 
is meant that such ethers will not chelate with the growing polymer, that is to say, they will not form a 
specific interaction with the chain end, which is derived from the initiator compound (e.g., lithium ion). 
Because the non-chelating ethers used in the present invention operate by modifying the polarity of the 
entire polymerization charge, they are preferably used in relatively large concentrations. Where diethyl 
ether, which is preferred, is selected, it is preferably at a concentration from about 0.5 to about 10 percent, 
preferably about 1 to about 10 percent, by weight of the polymerization charge (solvent and monomers), 
and more preferably from about 3 to about 6 percent by weight. Higher concentrations of this monoether 
can alternatively be used, but appear to increase cost without added efficacy. When the distribution agent is 
ODMB, the amount used is typically about 20 to about 400 parts by million weight ("PPMW"), based on 
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the total reactor contents, preferably about 20 to about 40 PPMW for low vinyl products and about 100 to 
200 PPMW for higher vinyl products. 

[0026] An important aspect of the present invention is to control the microstructure or vinyl content 
of the conjugated diene in the controlled distribution copolymer block. The term "vinyl content" refers to 
the fact that a conjugated diene is polymerized via 1,2-addition (in the case of butadiene — it would be 3,4- 
addition in the case of isoprene). Although a pure "vinyl" group is formed only in the case of 1,2-addition 
polymerization of 1,3 -butadiene, the effects of 3,4-addition polymerization of isoprene (and similar addition 
for other conjugated dienes) on the final properties of the block copolymer will be similar. The term 
"vinyl" refers to the presence of a pendant vinyl group on the polymer chain. When referring to the use of 
butadiene as the conjugated diene, it is preferred that about 20 to about 80 mol percent of the condensed 
butadiene units in the copolymer block have 1,2 vinyl configuration as determined by proton NMR 
analysis. For selectively hydrogenated block copolymers, preferably about 30 to about 70 mol percent of 
the condensed butadiene units should have 1,2 configuration. For unsaturated block copolymers, preferably 
about 20 to about 40 mol percent of the condensed butadiene units should have 1,2-vinyl configuration. 
This is effectively controlled by varying the relative amount of the distribution agent. As will be 
appreciated, the distribution agent serves two purposes - it creates the controlled distribution of the mono 
alkenyl arene and conjugated diene, and also controls the microstructure of the conjugated diene. Suitable 
ratios of distribution agent to lithium are disclosed and taught in US Pat. Re 27,145, which disclosure is 
incorporated by reference. 

[0027] The solvent used as the polymerization vehicle may be any hydrocarbon that does not react 
with the living anionic chain end of the forming polymer, is easily handled in commercial polymerization 
units, and offers the appropriate solubility characteristics for the product polymer. For example, non-polar 
aliphatic hydrocarbons, which are generally lacking in ionizable hydrogens make particularly suitable 
solvents. Frequently used are cyclic alkanes, such as cyclopentane, cyclohexane, cycloheptane, and 
cyclooctane, all of which are relatively non-polar. Other suitable solvents will be known to one skilled in 
the art and can be selected to perform effectively in a given set of process conditions, with temperature 
being one of the major factors taken into consideration. 

[0028] Starting materials for preparing the novel controlled distribution copolymers of the present 
invention include the initial monomers. The alkenyl arene can be selected from styrene, alpha- 
methylstyrene, para-methylstyrene, vinyl toluene, vinylnaphthalene, and para-butyl styrene or mixtures 
thereof. Of these, styrene is most preferred and is commercially available, and relatively inexpensive, from 
a variety of manufacturers. The conjugated dienes for use herein are 1,3-butadiene and substituted 
butadienes such as isoprene, piperylene, 2,3-dimethyl-l,3-butadiene, and 1 -phenyl- 1,3 -butadiene, or 
mixtures thereof. Of these, 1,3-butadiene is most preferred. As used herein, and in the claims, "butadiene" 
refers specifically to "1,3-butadiene". 

[0029] Other important starting materials for anionic copolymerizations include one or more 
polymerization initiators. In the present invention such include, for example, alkyl lithium compounds and 
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other organolithiurn compounds such as s-butyllithium, n-butyllithium 5 t-butyllithium 5 amyllithium and the 
like, including di-initiators such as the di-sec-butyl lithium adduct of m-diisopropenyl benzene. Other such 
di-initiators are disclosed in U.S Pat. No. 6,492,469. Of the various polymerization initiators, s- 
butyllithium is preferred. The initiator can be used in the polymerization mixture (including monomers and 
solvent) in an amount calculated on the basis of one initiator molecule per desired polymer chain. The 
lithium initiator process is well known and is described in, for example, U.S. Patents 4,039,593 and Re. 
27,145, which descriptions are incorporated herein by reference. 

[0030] Polymerization conditions to prepare the novel copolymers of the present invention are 
typically similar to those used for anionic polymerizations in general. In the present invention 
polymerization is preferably carried out at a temperature of from about -30° to about 150°C, more 
preferably about 10° to about 100°C, and most preferably, in view of industrial limitations, about 30° to 
about 90°C. It is carried out in an inert atmosphere preferably nitrogen, and may also be accomplished 
under pressure within the range of from about 0.5 to about 10 bars. This copolymerization generally 
requires less than about 12 hours, and can be accomplished in from about 5 minutes to about 5 hours, 
depending upon the temperature, the concentration of the monomer components, the molecular weight of 
the polymer and the amount of distribution agent that is employed. 

[0031] As discussed above, an important discovery of the present invention is the control of the 
monomer feed during the polymerization of the controlled distribution block. To minimize blockiness, it is 
desirable to polymerize as much of the styrene as possible in the presence of butadiene. Towards that end, 
a preferred process adds the styrene charge as quickly as possible, while adding the butadiene slowly, so as 
to maintain a concentration of no less than about 0.1%wt of butadiene for as long as possible, preferably 
until the styrene is nearly exhausted. If the butadiene falls below this level, there is a risk that a styrene 
block will form at this point. It is generally undesirable to form a styrene block during the butadiene charge 
portion of the reaction. 

[0032] In a two - reactor polymerization scheme, this is most readily accomplished by adding about 
80 to 100 percent of the mono alkenyl arene to the second reactor, along with about 10 to about 60 percent 
of the conjugated diene. The monomers are then caused to start polymerization via transfer of the living 
polymer from the first reactor. After about 5 to 60 mol percent of the monomers have polymerized, the 
remaining portion of the mono alkenyl arene (if any) is added and the remaining conjugated diene monomer 
is added at a rate that maintains the concentration of the conjugated diene monomer at no less than about 
0.1% weight. The rate of diene monomer addition will be determined by the styrene content of the 
midblock, the reaction temperature and the type and concentration of the distribution control agent used. 
Reaction rates are relatively fast in the presence of 6% - 10% diethyl ether. In this system, the diene is 
typically charged over 15 to 60 minutes. Rates for both monomers are slower in the presence of 0.5% - 1% 
diethyl ether or 35 - 40 PPM o-dimethoxybenzene. In this solvent system, it is more typical to add the 
diene over 60 to 90 minutes. The higher the midblock styrene, the more advantageous it is to add the diene 
slowly. If the polymer is to be prepared in a fully sequential process, it is preferable to ensure that the 
butadiene addition continues until about 90% of the monomers in block Bl have been polymerized, and the 
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percentage of the mono alkenyl arene monomer in the non-reacted monomer pool has been reduced to less 
than 20% weight, preferably less than 15% weight. In this way the formation of styrene blocks is prevented 
throughout the majority of the polymerization and there is sufficient conjugated diene left at the end of the 
polymerization to ensure that the terminal region of the Bl block is richer in the diene monomer. The 
resulting polymer block has diene rich regions near the beginning and the end of the block and an arene rich 
region near the center of the block. In products of the preferred process, typically the first 15 to 25% and 
the last 75 to 85% of the block are diene rich, with the remainder considered to be arene rich. The term 
"diene rich" means that the region has a measurably higher ratio of diene to arene than the center region. 
Another way to express this is the proportion of mono alkenyl arene units increases gradually along the 
polymer chain to a maximum near the middle or center of the block and then decreases gradually until the 
polymer block is fully polymerized. In a preferred embodiment, all of the mono alkenyl arene and about 10 
to 20 percent of the conjugated diene are charged to the reactor, and the remainder of the conjugated diene 
is added after about 5 to about 10 percent of the original monomers have polymerized. 

[0033] It is typically possible to achieve the desired distribution of the arene monomer in the final 
product using the process described above if fairly high levels of the distribution control agent are used. At 
higher midblock styrene levels and low levels of the distribution control agent, some blockiness is 
unavoidable. It is preferable to prepare these products by coupling. This insures that any blocky styrene 
that is formed is located at some distance from the endblocks. When polymers of the present invention are 
prepared by coupling, it is preferable to reserve 5% to 10% of the diene monomer, and add this charge once 
the polymerization of the arene monomer is complete. This ensures that all of the chains end in a diene 
unit. The living diene chain ends generally react more efficiently with coupling agents. 

[0034] If the products of the present invention are being prepared in a single reactor process in which 
all of the Bl monomer is charged to a reactor containing the living A block, it is preferable to start the diene 
monomer addition about 1 minute before starting the arene monomer addition. It is also preferable to 
charge both monomers rapidly at first and then decrease the diene addition rate once the majority of the 
arene monomer has been added. This process ensures that the initial region of the Bl block will be rich in 
the diene monomer, and builds a large enough pool to avoid becoming starved in the diene monomer early 
in process step. As discussed above, the optimal rates will depend on the styrene content of the midblock, 
the reaction temperature and the type and concentration of the distribution control agent used. 

[0035] For the controlled distribution or B block the weight percent of mono alkenyl arene in each B 
block is between about 10 weight percent and about 75 weight percent, preferably between about 25 weight 
percent and about 50 weight percent for selectively hydrogenated polymers. 

[0036] As used herein, "thermoplastic block copolymer" is defined as a block copolymer having at 
least a first block of one or more mono alkenyl arenes, such as styrene and a second block of a controlled 
distribution copolymer of diene and mono alkenyl arene. The method to prepare this thermoplastic block 
copolymer is via any of the methods generally known for block polymerizations. The present invention 
includes as an embodiment a thermoplastic copolymer composition, which may be either a di-block, tri- 



ll 



WO 2005/030812 



PCT/US2004/030936 



block copolymer, tetra-block copolymer or multi-block composition. In the case of the di-block copolymer 
composition, one block is the alkenyl arene-based homopolymer block and polymerized therewith is a 
second block of a controlled distribution copolymer of diene and alkenyl arene. In the case of the tri-block 
composition, it comprises, as end-blocks the glassy alkenyl arene-based homopolymer and as a mid-block 
the controlled distribution copolymer of diene and alkenyl arene. Where a tri-block copolymer composition 
is prepared, the controlled distribution diene/alkenyl arene copolymer can be herein designated as "B" and 
the alkenyl arene-based homopolymer designated as "A". The A-B-A, tri-block compositions can be made 
by either sequential polymerization or coupling. In the sequential solution polymerization technique, the 
mono alkenyl arene is first introduced to produce the relatively hard aromatic block, followed by 
introduction of the controlled distribution diene/alkenyl arene mixture to form the mid block, and then 
followed by introduction of the mono alkenyl arene to form the terminal block. In addition to the linear, A- 
B-A configuration, the blocks can be structured to form a radial (branched) polymer, (A-B) n X, or both types 
of structures can be combined in a mixture. In addition it is contemplated that asymmetrical, polymodal 
block copolymers are included, where some of the A blocks have higher molecular weights than some of 
the other A blocks - e.g., such a polymer could have the structure (A 1 -B) d -X- e (B-A 2 ) where d is 1 to 30 and 
e is 1 to 30, and the molecular weight of Al and A2 blocks differ by at least 20 percent. Some A-B diblock 
polymer can be present but preferably at least about 70 weight percent of the block copolymer is A-B-A or 
radial (or otherwise branched so as to have 2 or more terminal resinous blocks per molecule) so as to impart 
strength. 

[0037] Preparation of radial (branched) polymers requires a post-polymerization step called 
"coupling". In the above radial formula n is an integer of from 2 to about 30, preferably from about 2 to 
about 15, and X is the remnant or residue of a coupling agent. A variety of coupling agents are known in 
the art and include, for example, dihalo alkanes, silicon halides, siloxanes, multifunctional epoxides, silica 
compounds, esters of monohydric alcohols with carboxylic acids, (e.g. dimethyl adipate) and epoxidized 
oils. Star-shaped polymers are prepared with polyalkenyl coupling agents as disclosed in, for example, U.S. 
Patents Numbers 3,985,830; 4,391,949; and 4,444,953; Canadian Patent Number 716,645. Suitable 
polyalkenyl coupling agents include divinylbenzene, and preferably m-divinylbenzene. Preferred are tetra- 
alkoxysilanes such as tetra-ethoxysilane (TEOS), aliphatic diesters such as dimethyl adipate and diethyl 
adipate, and diglycidyl aromatic epoxy compounds such as diglycidyl ethers deriving from the reaction of 
bis-phenol A and epichlrohydrin. 

[0038] Additional possible post-polymerization treatments that can be used to further modify the 
configuration of the polymers and therefore their properties include capping and chain-termination. 
Capping agents, such as ethylene oxide, carbon dioxide, or mixtures thereof serve to add functional groups 
to the chain ends, where they can then serve as reaction sites for further property-modifying reactions. In 
contrast, chain termination simply prevents further polymerization and thus prevents molecular weight 
growth beyond a desired point. This is accomplished via the deactivation of active metal atoms, 
particularly active alkali metal atoms, and more preferably the active lithium atoms remaining when all of 
the monomer has been polymerized. Effective chain termination agents include water; alcohols such as 
methanol, ethanol, isopropanol, 2-ethylhexanol, mixtures thereof and the like; and carboxylic acids such as 
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formic acid, acetic acid, maleic acid, mixtures thereof and the like. See, for example, U.S. Patent 
4,788,361, the disclosure of which is incorporated herein by reference. Other compounds are known in the 
prior art to deactivate the active or living metal atom sites, and any of these known compounds may also be 
used. Alternatively, the living copolymer may simply be hydrogenated to deactivate the metal sites. 

[0039] The polymerization procedures described hereinabove, including preparation of the 
diene/alkenyl arene copolymer and of di-block and multi-block copolymers prepared therewith, can be 
carried out over a range of solids content, preferably from about 5 to about 80 percent by weight of the 
solvent and monomers, most preferably from about 1 0 to about 40 weight percent. For high solids 
polymerizations, it is preferable to add any given monomer, which may include, as previously noted, a 
previously prepared homopolymer or copolymer, in increments to avoid exceeding the desired 
polymerization temperature. Properties of a final tri-block polymer are dependent to a significant extent 
upon the resulting alkenyl content and diene content. It is preferred that, to ensure significantly elastomeric 
performance while maintaining desirably high Tg and strength properties, as well as desirable transparency, 
the tri-block and multi-block polymer's alkenyl arene content is greater than about 20 % weight, preferably 
from about 20% to about 80 % weight. This means that essentially all of the remaining content, which is 
part of the diene/alkenyl arene block, is diene. 

[0040] It is also important to control the molecular weight of the various blocks. For an AB diblock, 
desired block weights are 3,000 to about 60,000 for the mono alkenyl arene A block, and 30,000 to about 
300,000 for the controlled distribution conjugated diene/mono alkenyl arene B block. Preferred ranges are 
5000 to 45,000 for the A block and 50,000 to about 250,000 for the B block. For the triblock, which may 
be a sequential ABA or coupled (AB) 2 X block copolymer, the A blocks should be 3,000 to about 60,000, 
preferably 5000 to about 45,000, while the B block for the sequential block should be about 30,000 to about 
300,000, and the B blocks (two) for the coupled polymer half that amount. The total average molecular 
weight for the triblock copolymer should be from about 40,000 to about 400,000, and for the radial 
copolymer from about 60,000 to about 600,000. For the tetrablock copolymer ABAB the block size for the 
terminal B block should be about 2,000 to about 40,000, and the other blocks may be similar to that of the 
sequential triblock copolymer. These molecular weights are most accurately determined by light scattering 
measurements, and are expressed as number average molecular weight. 

[0041] An important feature of the thermoplastic elastomeric di-block, tri-block and tetra-block 
polymers of the present invention, including one or more controlled distribution diene/alkenyl arene 
copolymer blocks and one or more mono alkenyl arene blocks, is that they have at least two Tg's, the lower 
being the single Tg of the controlled distribution copolymer block which is an intermediate of its 
constituent monomers' Tg's. Such Tg is preferably at least about -60 degrees C, more preferably from 
about - 40 degrees C to about +30 degrees C, and most preferably from about - 40 degrees C to about +10 
degrees C. The second Tg, that of the mono alkenyl arene "glassy" block, is preferably from about +80 
degrees C to about +110 degrees C, more preferably from about +80 degrees C to about +105 degrees C. 
The presence of the two Tg's, illustrative of the microphase separation of the blocks, contributes to the 
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notable elasticity and strength of the material in a wide variety of applications, and its ease of processing 
and desirable melt-flow characteristics. 

[0042] It should be noted that, in yet another embodiment of the present invention, additional 
property improvements of the compositions hereof can be achieved by means of yet another post- 
polymerization treatment, that of hydrogenation of the block copolymer. The preferred hydrogenation is 
selective hydrogenation of the diene portions of the final block copolymer. Alternatively both the B blocks 
and the A blocks may be hydrogenated, or merely a portion of the B blocks may be hydrogenated. 
Hydrogenation generally improves thermal stability, ultraviolet light stability, oxidative stability, and, 
therefore, weatherability of the final polymer. A major advantage of the present invention is that the 
distribution agent, such as the non-chelating monoether, which is present during the initial polymerization 
process, does not interfere with or otherwise "poison" the hydrogenation catalyst, and thus the need for any 
additional removal steps is obviated. 

[0043] Hydrogenation can be carried out via any of the several hydrogenation or selective 
hydrogenation processes known in the prior art. For example, such hydrogenation has been accomplished 
using methods such as those taught in, for example, U.S. Patents 3,595,942; 3,634,549; 3,670,054; 
3,700,633; and Re. 27,145, the disclosures of which are incorporated herein by reference. These methods 
operate to hydrogenate polymers containing aromatic or ethylenic unsaturation and are based upon 
operation of a suitable catalyst. Such catalyst, or catalyst precursor, preferably comprises a Group VIII 
metal such as nickel or cobalt which is combined with a suitable reducing agent such as an aluminum alkyl 
or hydride of a metal selected from Groups I- A, II-A and III-B of the Periodic Table of the Elements, 
particularly lithium, magnesium or aluminum. This preparation can be accomplished in a suitable solvent 
or diluent at a temperature from about 20°C to about 80°C. Other catalysts that are useful include titanium 
based catalyst systems. 

[0044] Hydrogenation can be carried out under such conditions that at least about 90 percent of the 
conjugated diene double bonds have been reduced, and between zero and 10 percent of the arene double 
bonds have been reduced. Preferred ranges are at least about 95 percent of the conjugated diene double 
bonds reduced, and more preferably about 98 percent of the conjugated diene double bonds are reduced. 
Alternatively, it is possible to hydrogenate the polymer such that aromatic unsaturation is also reduced 
beyond the 10 percent level mentioned above. Such exhaustive hydrogenation is usually achieved at higher 
temperatures. In that case, the double bonds of both the conjugated diene and arene may be reduced by 90 
percent or more. 

[0045] Once the hydrogenation is complete, it is preferable to extract the catalyst by stirring with the 
polymer solution a relatively large amount of aqueous acid (preferably 20-30 percent by weight), at a 
volume ratio of about 0.5 parts aqueous acid to 1 part polymer solution. Suitable acids include phosphoric 
acid, sulfuric acid and organic acids. This stirring is continued at about 50°C for about 30 to about 60 
minutes while sparging with a mixture of oxygen in nitrogen. Care must be exercised in this step to avoid 
forming an explosive mixture of oxygen and hydrocarbons. 
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[0046] In an alternative, the block copolymer of the present invention may be functionalized in a 
number of ways. One way is by treatment with an unsaturated monomer having one or more functional 
groups or their derivatives, such as carboxylic acid groups and their salts, anhydrides, esters, imide groups, 
amide groups, and acid chlorides. The preferred monomers to be grafted onto the block copolymers are 
maleic anhydride, maleic acid, fumaric acid, and their derivatives. A further description of functionalizing 
such block copolymers can be found in Gergen et al, U.S. Pat. No. 4,578,429 and in U. S. Pat. No. 
5,506,299. In another manner, the selectively hydrogenated block copolymer of the present invention may 
be functionalized by grafting silicon or boron containing compounds to the polymer as taught in U.S. Pat. 
No. 4,882,384. In still another manner, the block copolymer of the present invention may be contacted with 
an alkoxy-silane compound to form silane-modified block copolymer. In yet another manner, the block 
copolymer of the present invention may be functionalized by grafting at least one ethylene oxide molecule 
to the polymer as taught in U.S. Pat. No. 4,898,914, or by reacting the polymer with carbon dioxide as 
taught in U. S. pat. No. 4,970,265. Still further, the block copolymers of the present invention may be 
metallated as taught in U.S. Pat. Nos. 5,206,300 and 5,276,101, wherein the polymer is contacted with an 
alkali metal alkyl, such as a lithium alkyl. And still further, the block copolymers of the present invention 
may be functionalized by grafting sulfonic groups to the polymer as taught in U. S. 5,5 16,83 1 . All of the 
patents mentioned in this paragraph are incorporated by reference into this application. 

[0047] The last step, following all polymerization(s) as well as any desired post-treatment processes, 
is a finishing treatment to remove the final polymer from the solvent. Various means and methods are 
known to those skilled in the art, and include use of steam to evaporate the solvent, and coagulation of the 
polymer followed by filtration. The final result is a "clean" block copolymer useful for a wide variety of 
challenging applications, according to the properties thereof. These properties include, for example, the 
final polymer's stress-strain response, which shows that a composition of the present invention exhibits a 
stiffer rubbery response to strain, therefore requiring more stress to extend the same length. This is an 
extremely useful property that allows the use of less material to achieve the same force in a given product. 
Elastic properties are also modified, exhibiting increasing modulus with increasing elongation, and there is 
a reduced occurrence of the rubbery plateau region where large increases in elongation are required to 
procure an increase in stress. Another surprising property is increased tear strength. The controlled 
distribution copolymers of the present invention offer additional advantage in their ability to be easily 
processed using equipment generally designed for processing thermoplastic polystyrene, which is one of the 
most widely known and used alkenyl arene polymer. Melt processing can be accomplished via extrusion or 
injection molding, using either single screw or twin screw techniques that are common to the thermoplastics 
industry. Solution or spin casting techniques can also be used as appropriate. 

[0048] In the U.S. Patent No. 5,5 16,83 1 to Pottick, et al. ('83 1), it is taught to sulfonate a block 
copolymer. Therein it is disclosed that hydrogenated block copolymers are sulfonated primarily in the 
alkenyl arene blocks by reaction with a sulfonation reagent that selectively sulfonates the alkenyl arene 
blocks in preference to the hydrogenated polydiene blocks. It is further disclosed therein that acyl sulfates 
exhibit the desired preference for sulfonation of the alkenyl arene blocks. 
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[0049] The '83 1 reference teaches that acetyl sulfate is the most preferred sulfonation reagent. Acetyl 
sulfate (CH3CO2-SO3H) should be prepared fresh before each sulfonation reaction or prepared in situ by the 
reaction of acetic anhydride with sulfuric acid. While the reaction of sulfuric acid and acetic anhydride is 
the preferred method of preparing the acetyl sulfate, any method known to those of ordinary skill in the art 
of preparing acetyl sulfate to be useful can be used with the method of the present invention. 

[0050] The sulfonated polymers of the present invention are preferably prepared with about one (1) 
sulfonic acid or sulfonate group per aromatic ring. Preferably, the functionality level is on the average from 
about one (1) functional group per molecule of the copolymer to about one functional group per aromatic 
ring, and more preferably on the average from about three (3) functional groups per molecule of the 
copolymer to about one (1) functional group per two aromatic rings of the molecule. 

[0051] The sulfonated polymers of the present invention can be prepared wherein there are additional 
groups between the sulfonic acid group and the aromatic ring of the block copolymer. For example, the 
copolymers of the present invention can have the general formula: 

-Ar(X> 

wherein Ar is an aromatic ring of the block copolymer and X is-S0 3 H or -P(0)(OR 8 )0-R 9 — S0 3 H where 
R 8 is hydrogen or lower alkyl and R 9 is lower alkylene. Preferably the sulfonic acid group is bonded 
directly to the aromatic ring but these and obvious variations of this general formula are also within the 
scope of the present invention. The sulfonated block copolymers of the present invention can also be 
prepared by grafting a sulfonated polymer to a block copolymer through, for example, reaction with 
residual unsaturation in the block copolymer. 

[0052] The sulfonated block copolymers of the present invention can be prepared in either a batch 
process or a continuous process. In a batch process, to achieve high levels of sulfonation, it can be 
desirable to balance both the solubility of the sulfonated polymer and the temperature of the reaction. The 
unsulfonated block copolymers are relatively soluble in solvents, such as dichloroethane. As sulfonation 
occurs, the sulfonated polymer can become progressively more insoluble. Solubility of the polymer in the 
solvent often cannot be controlled by raising the reaction temperature because excessive temperature can 
cause crosslinking and other undesirable effects in the product sulfonated block copolymers of the present 
invention. In order to avoid these problems, it can be desirable to run the sulfonation at a temperature that 
is high enough to ensure reasonable solubilities while not exceeding temperatures at which undesirable 
effects occur with the polymer. This temperature range happens to be about the same for both batch and 
continuous process and is from about 30°C to about 70°C, preferably from about 35°C to about 55°C, more 
preferably from about 38°C to about 50°C, and most preferably about 50°C. 

[0053] In a batch process, it is generally desirable to run the reaction with a polymer concentration of 
from about 1 to about 5 percent by weight polymer in the solvent. More preferably, it is desirable to run a 
batch process with a polymer concentration of from about 2 to about 4 percent by weight polymer in the 
solvent. Most preferably it is desirable to run a batch process with a polymer concentration of 3 percent 
by weight polymer in the solvent. 
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[0054] In a continuous process it is generally desirable to run the reaction with a polymer 
concentration of from about .1 to about 3 percent by weight polymer in the solvent. More preferably, it is 
desirable to run a batch process with a polymer concentration of from about .5 to about 2.5 percent by 
weight polymer in the solvent. Most preferably it is desirable to run a batch process with a polymer 
concentration of 2 percent by weight polymer in the solvent. 

[0055] In a continuous process, the process would desirably have the steps of: 

Dissolve the polymer in a solvent. Preferably the solvent is a chlorinated hydrocarbon, nitro hydrocarbon, 
fluorinated hydrocarbon, or supercritical carbon dioxide. 

Reduce polymer solution temperature to -5°C to 15°C. 

S0 3 reactant is prepared by either vaporization of S0 3 and dilution to a low concentration level in a gas, 
such as dry air, nitrogen or sulfur dioxide or a solvent. Preferably the solvent is a chlorinated 
hydrocarbon, nitro hydrocarbon, fluorinated carbon, supercritical carbon dioxide, or liquid sulfur dioxide. 
In one embodiment, the solvent is 1,2-dichloroethane, methylene chloride, chloroform, nitromethane, or a 
mixture thereof. \ 

Counter-flow polymer solution and S0 3 reactant in a falling film reactor, keeping the polymer solution cold 
during the reaction process. Collect and neutralize unreacted S0 3 gas exiting the reactor. 

Alternately, mix the polymer solution and SG 3 reactant in a high shear environment, keeping the mixing 
time under one second. Ideally the mixing is done under elevated pressure to keep the S0 3 in solution. 
Collect the output from the mixing process and continue to agitate the mixed solution for an additional 120 
seconds while holding the temperature at -5°C to 15°C . 

Collect the sulfonated polymer solution/suspension and boil off the solvent. 

In a preferred embodiment, the process would additionally comprise recovering and reusing the solvent. 
Sulfur dioxide could replace air or nitrogen as the carrier gas, especially for the case where sulfur trioxide is 
prepared in-line by oxidation of sulfur dioxide. 

[0056] While not wishing to be bound by any theory, it is believed that the polymers of the present 
invention lend themselves to sulfonation due to the presence of aromatic groups within the midblocks of the 
copolymers. In a conventional block copolymer, the solubility of the polymer is affected by the substantial 
absence of aromatic groups in the midblock. The aromatic groups in the midblock allow the copolymers of 
the present invention to stay soluble further into the reaction allowing for additional sulfonation of the 
molecules. For a batch process, for example, a block copolymer having about 64 percent by weight styrene 
groups can have a sulfonation content of from about 25 to about 70 percent. For a continuous process, for 
example, a block copolymer have about 64 percent by weight styrene groups can have a sulfonation content 
of from about 25 to about 70 percent. In a preferred embodiment the level of sulfonation should be about 
30 to 40 mol percent, basis the styrene content of the polymer where the overall styrene content of the 
polymer is about 60 to about 70 weight percent, and the A blocks of the block copolymer have a number 
average molecular weight of about 10.000 to about 35,000. 
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[0057] In the practice of the present invention, the polymer is dissolved in a solvent as part of the 
process of performing the sulfonation. Preferably the solvent is a hydrocarbon, nitro hydrocarbon, or 
chlorinated hydrocarbon. In one embodiment, the process of the present invention is carried out in a 
solvent selected from the group consisting of 1,2-dichloroethane, trichlorobenzene, chlorobenzene, 
methylene chloride, chloroform and mixtures thereof. In another embodiment, the solvent is selected from 
the group consisting of cyclohexane, heptane, octane, nitrobenzene, nitropropane and mixtures thereof. 

[0058] While the process described above shown in the relevant examples is the preferred process for 
preparing the sulfonated copolymers of the present invention, these materials can be prepared by 
conventional methods as well. For example, the copolymers can be sulfonated by heating the polymer in 
sulfuric acid, preferably using silver sulfate as a catalyst. Complexes with a number of agents such as 
phosphorus pentoxide, triethyl phosphate and tris (2-ethylhexyl) phosphate can be used to modulate i.e., 
moderate the reactivity of sulfur trioxide. Other acyl sulfates, formed by premixing can be used and 
include, sulfur trioxide/acetic acid, sulfur trioxide/lauric acid, and chlorosulfonic acid/lauric acid. In 
addition, chlorosulfonic acid and trimethylsilyl-sulfonyl chloride have been found useful. In one 
embodiment of the present invention, methylene units are readily inserted between the sulfonate group and 
the phenyl group by first carrying out an acylation of the ring with and a, co-acyl/alkyl dichloride of desired 
carbon length and then transforming the chloride into the sulfonate. Similarly, cyclic sulfonyl esters known 
as sultones may be used to avoid the transformation step A unique route to sulfonated polymers is the use of 
sulfur dioxide and chorine gas. In still another embodiment, it is possible to first sulfonate the monomers 
then carry out the polymerization. The sulfonated monomers (protonic form) are sometimes polymerized in 
the sodium salt form or can be protected by forming the sulfonyl ester and then polymerized. Ion exchange 
or hydrolysis follows to obtain the protonic form of the polymer. 

[0059] The sulfonated polymers of the present invention can be used in many applications. For 
example, the sulfonated polymer can be used in electrochemical applications, such as in Fuel Cells as an 
electrolyte; Water Electrolyzers as an electrolyte; Acid Electrolyte Battery Electrolyte Separators; Super- 
Capacitors Electrolytes; Separation Cell Electrolyte Barriers for Metal Recovery Processes; and the like. 
These applications are described in more detail in U.S. Patent Nos. 5,468,574; 5,679,482; 5,677,074 and 
6, 1 1 0,6 1 6, to Dais Analytic Corporation. OURS 

[0060] In another embodiment, the sulfonate copolymers of the present invention can be use as 
moisture transfer agents. These materials are useful in High Volume Air Conditioning (HVAC); Low 
Temperature Distillation Membranes for Desalination; Prevaporation (Industrial Gas Modification and 
Clean-up); Air Moisture Removal/Augmentation for Industrial Processes, Medical Applications, Building 
Environments (Permeable Wall Coatings), and Tents or Temporary Enclosures. These applications are 
described in more detail in U.S. Patent Nos. 6,413,298, 6,383,391, 5,840,387 and 6,306,419; and published 
U.S. Patent Application Nos. 20030106680 and 20030118887to Dais Analytic Corporation. 

[0061] Yet another application for which the present invention is useful is Bio-Films. Exemplary 
Bio-Film applications include: Personal Comfort (Clothing or Personal Environments); Bio-Terror Clothing 
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(Functionalized Membranes as Barriers); Anti-Foulirig Marine Coatings (Compounded with Epoxy Paints); 
Anti-Mold Coatings for Building Materials; and Anti-Fouling Coatings for waste pipes (sewage and 
industrial) 

[0062] Still another application of the sulfonated polymers of the present invention is in adhesives. 
For example, the polymers of the present invention can be used as Single Use Adhesives that can be 
removed with water and Thermoplastic Adhesives that can be melted with microwave heat. Other 
examples of the present invention include adhesives for Clothing, electronic assembly, and building 
construction. 

[0063] The polymers of the present invention are useful in a wide variety of applications including, 
for example, molded and extruded goods such as toys, grips, handles, shoe soles, tubing, sporting goods, 
sealants, gaskets, and oil gels. The compositions also find use as rubber toughening agents for polyolefins, 
polyamides, polyesters and epoxy resins. Improved elasticity when compared with conventional styrenic 
block copolymers makes these copolymers particularly useful for adhesives, including both pressure- 
sensitive and hot-melt adhesives. 

[0064] A particularly interesting application is thermoplastic films which retain the processability of 
styrenic block copolymers but exhibit a higher "elastic power" similar to spandex polyurethanes. As 
compounded with polyethylene or with a combination of tackifying resin and polyethylene, the controlled 
distribution copolymers of the present invention can meet these performance expectations. The resultant 
films show significant improvements in puncture resistance and strength, and reduced viscosity, when 
compared with common styrene/ethylene-butylene block copolymers. The same controlled distribution 
styrene/butadiene (20/80 wt/wt) copolymer can also be formulated in a film compound with oil and 
polystyrene, wherein it exhibits higher strength and improved energy recovery and transparency in 
comparison with a control formulation based on a styrene/ethylene-butylene/styrene block copolymer. In 
molding applications formulated using oil and polypropylene, reduced viscosity and coefficients of friction 
also offer expansion in applications such as cap seals, which may be able to be produced without 
undesirable slip agents which may bloom and contaminate contents. 

[0065] Finally, the copolymers of the present invention can be compounded with other components 
not adversely affecting the copolymer properties. Exemplary materials that could be used as additional 
components would include, without limitation, pigments, antioxidants, stabilizers, surfactants, waxes, flow 
promoters, solvents, particulates, and materials added to enhance processability and pellet handling of the 
composition. 

[0066] The following examples are intended to be illustrative only, and are not intended to be, nor 
should they be construed as being, limitative in any way of the scope of the present invention 
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Illustrative Embodiment #1 

[0067] In Illustrative Embodiment #1, various controlled distribution copolymers of the present 
invention were prepared according to the process claimed herein. All polymers were selectively 
hydrogenated ABA block copolymers where the A blocks were polystyrene blocks and the B block prior to 
hydrogenation was a styrene/butadiene controlled distribution block copolymer having terminal regions that 
are rich in butadiene units and a center region that was rich in styrene units. The polymers were 
hydrogenated under standard conditions such that greater than 95% of the diene double bonds in the B 
block have been reduced. 

[0068] The following describes the general procedure used to effectively control the distribution of 
the comonomers in the anionic copolymerization of 1,3 -butadiene (Bd) and styrene (S) in the presence of 
diethyl ether (DEE). A number of tri-block copolymers were synthesized stepwise in cyclohexane. Di-ethyl 
ether ("DEE") was used to control the distribution of copolymerization of styrene and butadiene in the 
rubber midblock. During the copolymerization step, a number of samples were collected as the reaction 
progressed to enable H-NMR characterization of the degree of comonomer distribution. 

[0069] For Step I, an appropriate amount of polymerization grade cyclohexane was charged to a well- 
mixed 227 liter stainless steel reactor vessel at 30°C. Pressure in the reactor vessel was controlled with 
nitrogen gas. Styrene monomer was charged to the reactor at 30°C. 10 ml increments of sec-butyllithium 
(12 wt.) were added to the reactor to titrate the cyclohexane and styrene monomer mixture. The titration 
endpoint was determined with an on-line colorimeter. After titration, sec-butyllithium was then added to 
the reactor to initiate the anionic polymerization of the living polystyrene blocks. The temperature was 
allowed to increase to 55°C and the reaction was carried out to 99.9% conversion of the styrene. This 
completed the first styrene block of this block copolymer, (S)-. 

[0070] For Step II, an appropriate amount of polymerization grade cyclohexane was charged to a 
well-mixed 492 liter stainless steel reactor vessel at 30°C. First, all of the styrene monomer required in the 
Step II reaction was charged to the reactor. Second, one-half of the butadiene monomer required in the Step 
II reaction was charged to the reactor. Third, an appropriate amount of diethyl ether was charged to the 
reactor. Fourth, 10 ml increments of sec-butyllithium (12 %wt.) were added to the reactor to titrate the 
cyclohexane, styrene monomer, butadiene monomer and diethyl ether mixture. The titration endpoint was 
determined with an on-line colorimeter. After titration of the Step II reaction, the living polystyrene chains 
were transferred via nitrogen pressure from the Step I reactor vessel to the Step II reactor vessel to initiate 
the Step II copolymerization reaction of styrene and butadiene at 30°C. Ten minutes after the initiation of 
the copolymerization, the remaining one-half of the butadiene monomer was dosed to the Step II reactor at 
a rate that kept the overall polymerization rate nearly constant. The temperature was allowed to increase to 
55°C and the reaction was carried out to 99.9% conversion basis butadiene kinetics. This completed the 
addition of a styrene-butadiene randomized midblock to the Step I polystyrene block. The polymer 
structure at this point is (S)-(S/Bd)-. 
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[0071] For Step III, more styrene monomer was charged to the Step II reactor vessel at 55°C to react 
with the living (S)-(S/Bd)- polymer chains. The Step III reaction was maintained at near isothermal 
conditions until 99.9% conversion of the styrene. The living polymer chains were terminated by adding an 
appropriate amount (about 10% molar excess) of high-grade methanol to the final reactor solution. The 
final polymer structure was (S)-(S/Bd)-(S). All polymers were then selectively hydrogenated to produce 
linear ABA block copolymers where the A blocks were polystyrene blocks and the B block prior to 
hydrogenation was a styrene butadiene controlled distribution block having terminal regions that are rich in 
butadiene units and a center region that was rich in styrene units. The various polymers are shown in Table 
1 below. Step I MW is the molecular weight of the first A block, Step II MW is the molecular weight of the 
AB blocks and Step III MW is the molecular weight of the ABA blocks. The polymers were hydrogenated 
such that greater than about 95% of the diene double bonds have been reduced. 

[0072] This type of experiment was executed 19 times over a range of varying styrene-butadiene 
midblock compositions. The analytical results from each of the 19 experiments (polymers 1 to 15 and 24 to 
27) are given in Table 1 and Table la. The conditions for polymerization for each of the first 8 experiment 
are given in Table 2. The conditions for polymerization of the other 1 1 polymers were similar to those for 
the first 8. Table 3 shows the polymer architecture for the various polymers. Polymer 28 is selectively 
hydrogenated AB diblock copolymer. Where the polystyrene A block is polymerized first, followed by the 
requested polymerization of the controlled distribution styrene/butadiene B block, followed by 
hydrogenation of the diene double bonds. 

[0073] The following describes the method used to characterize the polymer mid or "B" block. It is 
the nature of the polymerization that the polymer mid-block is formed after an initial styrene block. Since 
the polymer mid-block which is formed in Step II cannot be analyzed in isolation, it must be analyzed in 
combination with the Step I styrene block, and the contribution of the Step I styrene block must be 
subtracted from the sum to determine the parameters which characterize the polymer mid-block. Four 
experimental quantities are used to calculate the percent styrene content in the polymer mid-block (Mid 
PSC) and the percent blocky styrene in the polymer mid-block (Mid Blocky). (Note: %BD12 for the mid- 
block is measured directly with no need to correct for a BD contribution from the Step I styrene block). 
The experimental quantities and the method of calculation will be illustrated using polymer example #15. 
The four key experimental quantities for polymer example #15 are: 

GPC Step I MW: 9.0 k 

GPC Step II MW: 86.8 k 

NMR Step II PSC: 33 .4 wt% 

NMR Step II blocky styrene: 33% 
where Step I consists of the Step I styrene block, and Step II is the combination of the Step I styrene block 
and the styrene/butadiene mid-block. 

[0074] The total styrene mass in Step II is given by: 
33.4 wt% of 86.8 k = 29.0 k styrene in Step II 
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The styrene mass of the mid-block is found by subtracting the Step I styrene mass from the styrene in 
Step II: 

29.0 k - 9.0 k = 20.0 k styrene in mid-block 
The mass of the mid-block is given by subtracting the Step I MW from the Step II MW: 

86.8 k - 9.0 k = 77.8 k mass if mid-block 
The "Mid PSC" is the percent of mid-block styrene relative to the mid-block mass: 

100 * 20.0 k mid-block styrene / 77.8 k mid-block mass = 25.7 wt% 

[0075] The blocky styrene % and the Step II styrene mass give the mass of blocky styrene: 

33 % of 29.0 k = 9.6 k Step II blocky styrene 
The Step I styrene block is subtracted from the mass of Step II blocky styrene to give the mass of blocky 
styrene in the mid-block: 

9.6 k Step II blocky styrene - 9.0 k Step I styrene block = 0.6 k 
The "Mid Blocky" is the percent of blocky styrene in the mid-block relative to the styrene in the mid-block: 

100 * 0.6 k mid-block blocky styrene / 20.0 k mid-block styrene = 3 % 
The calculated value for styrene blockiness in the B mid-block ("Mid Blocky") for all polymers described 
in this Illustrative Embodiment is shown in Table la. Also shown is the calculated percent styrene in each 
B mid-block ("Calc. Mid PSC"). 

[0076] Figures 1, 2 and 3 depict the monomer distribution in the Bd/S block of 3 of the polymers 
prepared in this embodiment. The data in these figures was obtained by taking aliquots of the living 
polymerization solution at various times during the synthesis of the Step II block of the S-S/Bd-S 
preparations, that is during the controlled distribution copolymerization of butadiene and styrene portion of 
the block copolymer preparation. The polybutadiene and polystyrene compositions of each of these 
aliquots was measured using an H-NMR technique. These "raw data" were adjusted by subtracting out the 
polystyrene component of the Step I polystyrene block from cumulative polystyrene content of the aliquot. 
The remainder gave the polystyrene component of the Step II block for each aliquot. The ratio of the 
polybutadiene content in moles to the polystyrene content in moles (as calculated in this way) was plotted 
against the level of conversion for each of the aliquots in each of the experiments. The molecular weight of 
the Step II block for each of the aliquots was obtained by subtracting the molecular weight of the Step I 
block from the molecular weight of the aliquot. The molecular weight of the Step II block for the final 
aliquot was taken as the total molecular weight for this region (100% conversion). The level of conversion 
of each of the aliquots was calculated by taking the ratio of the Step II molecular weight for that aliquot to 
the molecular weight of the final Step II aliquot for that polymerization. 

[0077] These plots clearly show the benefit of the present invention. The controlled distribution 
polymerization, in each case, starts out and ends with a relatively high ratio of incorporated butadiene to 
styrene (butadiene rich). Clearly there are no runs of polystyrene on either end of the Step II region, thus 
the control of end block molecular weight is determined only by the size the Step I and Step III styrene 
charges and the number of living chain ends in those polymerization Steps. The Step I and Step III 
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polystyrene block sizes are not augmented by the addition of polystyrene runs at the start nor at the end of 
the Step II polymerization. 

[0078] It is significant to note that even though the center portion of the Step II regions in each of 
these polymerizations was richer in styrene (had a lower Bd/S ratio) there still were few, if any, styrene 
multiplets (<10 mol% of the styrene) incorporated into the polymer chain during this stage of the 
polymerization, as analyzed by H-NMR. A controlled distribution incorporation of the styrene monomer 
into the polymer chain was observed even though the relative rate of incorporation of styrene to butadiene 
had increased during this part (from about 40% to about 60 % conversion of the Step II polymerization) of 
the polymerization. Such a controlled distribution incorporation of styrene in these copolymerization 
reactions seems to be necessary to obtain the desired stiffer stretch performance in the selectively 
hydrogenated S-S/Bd-S (also known as S-S/E/B-S or styrene-styrene/ethylene/butylene-styrene) product 
block copolymers. 

Illustrative Embodiment #11 

[0079] In Illustrative Embodiment II various polymers of the present invention are compared against 
polymers of the prior art. All the polymers were linear selectively hydrogenated ABA block copolymers 
made with styrene and butadiene monomers, and had nominal or target molecular weights of 10,000 for 
each of the A end blocks and 80,000 for the B mid block. Polymers 2 and 3 from Illustrative Embodiment I 
were used in this example. Polymers C-l and C-2 are for comparison, and do not have any styrene in the B 
mid block. C-l has a higher vinyl 1,2 content of 68%, while C-2 has a vinyl 1,2 content of 38%. Polymer 
C-3 was prepared with about 23 percent weight styrene in the B mid block. Polymer C-3 was prepared in a 
conventional polymerization process, wherein the mid block was prepared by co-polymerization of 
butadiene and styrene with a chelating agent, and without controlled addition of the butadiene and styrene 
monomers. Rather, all the butadiene and styrene were added to the reactor at the start of the mid block 
polymerization along with the microstructure modifying agent (1,2 diethoxy propane). Accordingly, 
Polymer C-3 does not have a "controlled distribution" structure. Details on the block molecular weights 
and vinyl 1,2 contents are shown in Table 4. 

[0080] Films were prepared from the polymers and tensile tested according to ASTM D412, and the 
results are shown in Table 5. One of the objectives of the current invention is to make polymers that have a 
stiffer elastic response than Polymer C-2, a polymer that is well known in the art. It is the objective of the 
current invention to increase the rubber stiffness at elongations above 100% thus increasing the elastic 
power, while producing a limited increase in Young's Modulus, the stiffness at infinitesimal elongations. 
Increasing the Young's modulus is detrimental to elastomeric performance because it signifies an increase 
in plasticity. Increasing the vinyl content without the controlled addition of styrene to block B, as shown in 
Polymer C-l, reduces the stiffness at low and high elongations as shown in Figure 4. Table 5 shows 
numerically that increasing the vinyl content reduces both the Young's Modulus, the stiffness at 
infinitesimal elongations, and the rubber modulus, the rubber stiffness at higher elongations between 100 
and 300%. Adding styrene to the midblock in a controlled distribution, however, increases the rubber 
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stiffness as shown in figure 4 and table 5, with a small increase in Young's modulus. The importance of 
controlling the distribution of styrene in the B mid block is illustrated by Polymer C-3. Although it is 
similar in composition to Polymer 3, its rubber modulus is not increased compared to C-2, the standard of 
the current art, while its Young's modulus is significantly increased, thus it suffers from both lower elastic 
power and greater plasticity. The 500% modulus in Table 5 demonstrates this response as well. The 
polymers of the present invention - Polymers 2 and 3 - exhibit stiffer elastic behavior as shown by Figure 4 
and the 500% modulus in Table 5. 

Illustrative Embodiment #M 

[0081] In Illustrative Embodiment # III, a general procedure was used to effectively control the 
styrene distribution during the anionic copolymerization of 1,3-butadiene (Bd) and styrene (S) in the 
presence of diethyl ether (DEE), di-n-butyl ether (nBE) or o-dimethoxybenzene (ODMB) while maintaining 
a low enough vinyl content to produce useful unsaturated products. A number of block copolymer mixtures 
of (S-S/Bd) n X linear/radial block copolymers were synthesized by coupling of the living S-S/BdLi diblock 
with tetraethoxy silane (TEOS). In some cases, a number of samples were collected as the copolymerization 
reaction progressed to enable H-NMR characterization of the distribution of the monomers. Process data 
corresponding to specific reactions is summarized in Table 6. 

[0082] For Step I, an appropriate amount of polymerization grade cyclohexane was charged to a well- 
mixed 227-liter stainless steel reactor vessel at 30°C. Pressure in the reactor vessel was controlled with 
nitrogen gas. Styrene monomer was charged to the reactor at 30°C. 10 ml increments of sec-butyllithium 
(12% wt.) were added to the reactor to titrate the cyclohexane and styrene monomer mixture. The titration 
endpoint was determined with an on-line colorimeter. After titration, a gig of excess sec-butyllithium was 
then added to the reactor to initiate the anionic polymerization of the living polystyrene blocks. The 
temperature was allowed to increase to 55°C and the reaction was carried out to 99.9% conversion of the 
styrene. This completed the first styrene block of this block copolymer, (S)-. 

[0083] For Step II, an appropriate amount of polymerization grade cyclohexane was charged to a 
well-mixed 492 liter stainless steel reactor vessel at 30°C. First, all of the styrene monomer required in the 
Step II reaction was charged to the reactor. Second, a fraction of the butadiene monomer required in the 
Step II reaction was charged to the reactor. Third, an appropriate amount of the distribution agent was 
charged to the reactor. Fourth, 10 ml increments of sec-butyllithium (12 %wt.) were added to the reactor to 
titrate the cyclohexane, styrene monomer, butadiene monomer and modifier mixture. The titration endpoint 
was determined with an on-line colorimeter. After titration, the living polystyrene chains were transferred 
via nitrogen pressure from the Step I reactor vessel to the Step II reactor vessel to initiate the Step II 
copolymerization reaction of styrene and butadiene at 30°C. After the time interval specified in Table 6, 
the remainder of the butadiene monomer was dosed to the Step II reactor at the specified rate. The 
polymerization was allowed to continue at about 50°C. Some time following the end of the programmed 
diene addition, generally about 30 -90 minutes, the signal from an in-line colorimeter which detects the 
presence of styryllithium chain ends, was observed to increase sharply. This corresponds to the onset of 



24 



WO 2005/030812 



PCT/US2004/030936 



fast styrene polymerization. Following the polymerization of the remaining styrene, which occurs in about 
10 minutes, the polymer anion is either coupled as described below, or capped by the addition of a small 
quantity (1-2 kg.) of butadiene. As expected, following the addition of the butadiene, the signal from the 
colorimeter decreases dramatically, indicative of the conversion of the chain ends to polybutadienyllithium. 
This completed the addition of a styrene-butadiene randomized midblock segment to the Step I polystyrene 
block. This segment becomes richer in styrene as you proceed away from the Step I block, until reaching 
the short terminal butadiene block. 

[0084] Coupling with tetraethoxy silane produced the final product. About 0.4 to 0.5 moles of the 
silane were added per mole of polymer anion. Under these conditions, the predominant coupled species is 
the linear product, although about 10% - 30% of the 3 -arm radial polymer is also formed. Coupling 
efficiency defined as the ratio of coupled species to coupled species plus diblock as determined from GPC 
area, was generally improved by capping with butadiene. Coupling efficiencies in excess of 90% were 
obtained in these examples. Adding an appropriate amount of high-grade methanol to the final reactor 
solution terminated any living polymer chains. If a short styrene block is formed at the end of the 
copolymerization due to tapering, this process guarantees that it will be located in the central region of the 
midblock segment. Table 7 shows the various unsaturated block copolymers prepared in this example. 

[0085] High midblock styrene/high vinyl polymers can also be prepared by this general procedure, as 
illustrated by Polymer # 21 in Table 7, which was prepared by essentially the same process as described 
above except the diethyl ether concentration was increased to 6%wt. and the rate of butadiene addition was 
increased to reflect the faster reaction rate in the presence of higher ether levels. In order to insure an 
adequate excess of butadiene, the butadiene was added at a rate of about 0.24 kg/min for the first few 
minutes, and the rate was decreased. The average feed rate was about 0.2 kg/min. 

[0086] Tables 7 and la list the various analytical results for the unsaturated polymers (unsaturated 
polymers are polymers 16 to 23). Block I MW is the molecular weight of the first A or polystyrene block in 
units of 1000, Block II MW is the cumulative molecular weight of the B or controlled distribution block in 
units of 1000 and Block III MW is the molecular weight of the final A or polystyrene block in units of 
1000. Regarding Step II MW, the first number is the 1,3-butadiene portion and the second number is the 
styrene portion. For example, in Polymer #16 the B block has a molecular weight of 85,000 butadiene and 
3 1,000 styrene, for a total of 1 16,000. The weight percent styrene in the mid-block is about 26%. The 1,2- 
vinyl configuration is given, along with the percent styrene in the entire polymer and in the mid block. For 
example, for Polymer #16, the entire polymer has about 42 weight percent styrene and the mid-block has 
about 26 weight percent styrene ("Calc. Mid PSC" in Table la). Coupling efficiency (or CE ) is given for 
each polymer. The styrene blockiness for each polymer is calculated and shown in Table la ("Calc. Mid 
Blocky"). Finally the melt flow rate is given for some of the polymers. 

Illustrative Embodiment #IV 

[0087] In this example one controlled distribution block copolymer (Polymer #17) was compared 
against a commercial sample of Styroflex® BX6105, an unsaturated SBS block copolymer from BASF, 
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which has a random styrene/butadiene mid-block. Polymer #17 is made with a controlled distribution 
styrene/butadiene mid-block according to the present invention. Both have similar overall styrene contents 
as shown in Table 8. As shown in Table 8, Polymer # 17 has a much improved melt flow measured under 
200 0 C / 5 kg conditions. Hardness and haze were measured on injection molded plaques with melt 
temperatures / injection pressures of 204 °C / 1000 psi and 190 ° C / 800 psi for Styroflex and Polymer #17, 
respectively. Polymer #17 has a lower shore A hardness by approximately 20 points and 57% lower haze 
than Styroflex. Mechanical properties were measured on compression-molded plaques pressed at 175 ° C 
and 1250 psi. Even though the tensile strengths are nearly identical, Polymer #17 has a higher elongation at 
break. Polymer #17 is also more compliant than Styroflex as indicated by the consistently lower moduli 
between 25% and 500%. Under a cyclic loading condition, Polymer #17 is more elastic as it recovers twice 
as much energy with half the permanent set of Styroflex. 

[0088] Figure 5 demonstrates the benefit of the elastomers of the current invention. An elastomer is 
generally characterized by a low initial force at low deformations, for example below 25% elongation, as 
opposed to a plastic material which has a much higher initial force. The controlled distribution polymer #17 
clearly exhibits much lower force at low elongations compared to Styroflex, a polymer typical of the 
current art of randomized midblock polymers with a similar total styrene content. The stiffness at low 
elongations is typically characterized by the tensile modulus, or Young's modulus, which is the slope of the 
stress strain curve at infinitesimal elongation. For example the Young's modulus of polymer #17 is only 
1,400 psi (10 MPa) while for Styroflex it is 5,000 psi (35 MPa). The rubber modulus, or slope between 
100 and 300% elongation for polymer#17 is slightly higher, 94 psi (0.65MPa), than for Styroflex, 90 psi 
(0.62 MPA). Thus the controlled distribution polymer retains the stiff stretch at high elongations and high 
tensile strength of a random polymer but with the added benefit of much more elastic behavior at low 
elongations. See Table 10, which also displays the glass transition temperature (Tg) for the B mid-blocks of 
various polymers. For Polymers 19* and 20* the Tg were taken after hydrogenation. 

Illustrative Embodiment #V 

[0089] In this example two different controlled distribution block copolymers (#15 and #15FG) were 
compared with KRATON FG-1901 in blends with Nylon 6,6 (Zytel 101) at 15 and 20% by weight in a twin 
screw extruder. Polymer #15FG was prepared by maleating Polymer #15 to a level of 1.7% weight bound 
maleic anhydride in a Berstorff twin screw extruder. KRATON FG 1901 is an S-EB-S block copolymer 
that was maleated to a similar level of 1 .7 % weight. The blends were injection molded and the impact 
strength was measured using an Izod impact tester. Samples were taken both from the blind end of the 
mold and the gate end of the mold to minimize molding effects. 

[0090] As shown in Table 9, the addition of maleic anhydride dramatically improves the ability of 
Polymer #15FG to toughen Nylon 6,6. The greater toughness presented by the maleated Polymer #15FG 
might allow less modifier to be used to achieve the same toughness compared to available materials. 

Hypothetical Illustrative Embodiment #VI 
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[0091 ] A standard solution of acetyl sulfate is prepared by treating 7.6 ml (8 1 mmol) of acetic anhydride 
in 40 ml of 1, 2- dichloroethane (EDC) at 10°C with 2.8 ml (50 mmol) of 95% sulfuric acid. The solution is 
presumed to be 1.0M in acetyl sulfate. 

[0092] Polymer 9 is dried in a vacuum oven at 70°C for 48 hrs to remove traces of water. An aliquot of 
the dried polymer (lOg) is dissolved in EDC (100 ml) in a closed vessel and the solution is heated to 50°C. 
The sample is sparged with nitrogen for 30 minutes to remove atmospheric oxygen. Sulfonation is initiated 
by the addition of 6 ml (6 mmol) of the 1.0M standard acetyl sulfate solution. After 2 hours, the reaction is 
terminated by addition of a quenching agent, 2-propanol (10 ml). The sulfonic acid modified block 
copolymer is isolated by a steam stripping technique. The crude product is purified by washing in boiling 
water for 2 hours. Purified polymer is recovered by filtration. The filter cake is washed with absolute 
ethanol and vacuum dried at 50°C for 5 days. A quantitative yield of modified polymer is recovered. 

[0093] Elemental analysis of an aliquot of the modified polymer shows 1.04% wt sulfur which is 1 1.7 
mol% sulfonic acid based on the styrene content of the polymer. The theoretical yield for this reaction is 
21mol% sulfonic acid based on the styrene content of the polymer. A second aliquot of the modified 
polymer is analyzed for sulfonic acid content using a titration technique. In this analysis, an accurately 
weighed sample of the purified sulfonated polymer (about 0.1 g) is dissolved in 50 ml of a toluene/methanol 
(90/10, v/v) solution. Nitrogen is bubbled through the solution for 30 minutes to purge the sample of 
dissolved C0 2 . Titration to a phenolphthalein endpoint using 0.02N NaOH in methanol shows 1 1.9 mol % 
sulfonic acid based on the styrene content of the polymer. This result is in good agreement with the value 
found by elemental analysis, 1 1.7 mol %. 

[0094] Using this reaction procedure with varying levels of sulfonation reagent, a sulfonic acid modified 
polymer having 5.2 mol% sulfonic acid is synthesized from the base block copolymer. 

Illustrative Embodiment #VII-XIX 

[0095] 2- 5 wt- % of a controlled distribution polymer is dissolved in solvent with stirring at 50° C for 2 hrs until 
completely dissolved. 

[0096] An acetyl sulfate reagent is prepared by adding acetic anhydride to EDC at 0-5°C and then adding 
concentrated sulfuric acid. The reagent is warmed to approximately room temperature. The reagent is used 
immediately. This yields a range of from about 1 to about 3 molar acetyl sulfate reagent as a clear and colorless 
solution. 

[01 00] The polymer solution is purged with dry nitrogen at 50°C and then the acetyl sulfate reagent is added 
gradually with stirring. The temperature is maintained under 50°C for about 2 hours while purging with dry 
nitrogen. The reaction is quenched with a desired amount of n-propanol or a mixture of deionized water and n- 
propanol. A clear polymer solution is obtained. The polymer solution is cooled to precipitate the sulfonated 
polymer. The bottom layer is a clear solvent layer and is discarded. The polymer solution is evaporated in a fume 
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hood and then extracted with deionized water until the pH of the solution is about 5.5 - 6.0. The wet polymer is 
dried at air to yield the sulfonated polymer. 

[0101] The dry polymer is dissolved in n-propanol or a mixture of n-propanol and toluene to form 10-15 wt-% 
polymer solutions. Films with thickness 1-3 mil are cast from the solutions on a polyethylene sheet to form a 
membrane. The resulted membranes are evaluated on water uptake and ionic conductivity. 

[0102] Water uptake is determined using a "neat" membrane that is dried with a desiccant and weighed. The 
membrane is then immersed in water and allowed to equilibrate. The hydrated membrane is then removed, excess 
water is blotted from the surface, and the membrane is re-weighed. The water absorption is expressed as a % of 
the original dry weight of the membrane 

[0103] Ionic conductivity is measured using liquid water hydration method from literature, Zawodzinski, T.J. 
Phys. Chem., 95 (15), 6040 (1991). 

[0104] The data is disclosed in Tables 1 1 and 12 below. One of the polymers used in the example is 
Polymer #10 from Table 1 . The other polymers, designated Polymers 29, 30 and 3 1 are similar to Polymer 
#10, but with varying molecular weights and styrene content. Polymer 29 is a controlled distribution block 
copolymer and has a Step 1 MW of 28,900, a total molecular weight of 190,000, a total PSC of 59%, a 
midblock styrene content of 40% by weight, and a midblock blockiness of 8%; Polymer 30 is a controlled 
distribution block copolymer and has a Step 1 MW of 15,900, a total molecular weight of 125,000, a total 
PSC of 65%, a midblock styrene content of 52% by weight, and a midblock blockiness of 13%; and 
Polymer 3 1 is a controlled distribution block copolymer and has a Step 1 MW of 21, 100, a total molecular 
weight of 1 1 1 ,000, a total PSC of 69%, a midblock styrene content of 50% by weight, and a midblock 
blockiness of 15%. Also shown in Tables 1 1 and 12 are any variations in the sulfonation process 
parameters employed. 

COMPARATIVE EXAMPLE A 

[01 05] 90 grams of a copolymer not having any styrene in the midblock is sulfonated similarly to the 
Examples above. It is a styrene -(hydrogenated butadiene)- styrene triblock copolymer with styrene 
endblocks having a molecular weight of 10,100 and a polystyrene content of 30%. It is sulfonated using a 
solvent prepared using 1700 grams of DCE and 240 grams of cyclohexane. The ratio of 
DCE/(CH 3 CO)20/H 2 S04 is 261/61/23. The temperature of the sulfonation is 50°C. The sulfonation is run 
for 300 minutes and results in a molar sulfonation percentage of 64. 1 . The water uptake is 368 percent and 
the ionic conductivity is 0.079 lsiemens/cm. 



Table 1: Controlled Distribution Polymers 



Polymer 
Number 


Step I 
MW(k) 


Stepn 
MW(k) 


Step m 
MW(k) 


1,2-BD 


PSC 










(%) 


(%) 


1 


10.5 


106.3 


118.6 


34.5 


29.75 


2 


10.5 


98.6 


110.8 


38 


29.53 


3 


9.2 


90.6 


99.9 


35.8 


40.12 
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Polymer 
Number 


Step I 
MW(k) 


Step II 
MW(k) 


Step TIT 
MW(k) 


1,2-BD 


PSC 


4 


9.7 


92.3 


102.8 


35.3 


48.3 


5 


13.9 


140.8 


158.2 


35 


50.15 


6 


10.6 


101.4 


112.6 


36.2 


40 


7 


10.3 


99.3 


111.9 


37.1 


40.31 


8 


8.2 


91.2 


98.9 


37 


37 


9 


32 


162 


194.8 


34.3 


58.1 


10 


29.4 


159.4 


189.2 


33.6 


65.8 


11 


24 


120.9 


145.8 


33.6 


58.9 


12 


30.3 


164.3 


196.8 


35.4 


48.2 


13 


29.9 


163.3 


195.9 


34.5 


58.2 


14 


8.4 


88.5 


95.8 


36.1 


38.3 


15 


9 


86.8 


95.5 


35.9 


39.3 


24 


29 


159 


188 


35 


58 


25 


9.5 


89.5 


99 


36 


39 


26 


7.3 


43.1 


50.4 


36.7 


47 


27 


7.5 


70.1 


77.4 


36.1 


40 


28 


7.8 


39 




36 


39 



where "MW(k) M = true molecular weight in thousands, "1,2-BD, %" is the vinyl content of the butadiene 
part of the polymer, and "PSC(%)" = wt % of styrene in the final polymer. Molecular weights are 
cumulative for the segments (Step II MW = segment MW for Step I and Step II; Step III MW is the final 
MW for the three block copolymers. 



Table la: NMR Results for Polymers at the end of Step II 



Polymer 


Expt. NMR 


Expt. NMR 


Calc. Mid 


Calc. Mid 


Number 


PSC 


Blocky 


PSC 


Blocky 












1 


22.2 


50 


13.7 


10 


2 


22.2 


51 


12.9 


6 


3 


33.5 


34 


26.0 


5 


4 


44.5 


27 


38.0 


4 


5 


44.7 


29 


38.6 


9 


6 


33.5 


33 


25.7 


3 


7 


33.5 


34 


25.8 


4 


8 


32.1 


30 


25.4 


3 


9 


49.9 


43 


37.6 


6 


10 


59.0 


34 


49.7 


4 


11 


50.4 


40 


38.1 


1 


12 


38.8 


48 


25.0 


1 


13 


50.0 


39 


38.8 


4 


14 


32.3 


30 


25.2 


1 


15 


33.4 


33 


25.7 


3 


16 


42.3 


56 


26.9 


12 


17 


61.8 


45 


49.9 


11 


18 


40.0 


59 


26.0 


22 


19 


75.4 


56 


65.7 


30 


20 


38.7 


57 


23.8 


13 


21 


76.9 


55 


67.1 


27 


22 


74.3 


59 


63.4 
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Polymer 


Exr>f NMR 


Exot. NMR 


Calc. Mid 


Calc Mid 


Number 


PSC 


Blocky 


PSC 


Blocky 


23 


64.5 


57 


53.8 


33 


24 


50.7 


42 


39.7 


9 


25 


33.3 


31 


25.7 


0 


26 


38.5 


46 


26.0 


4 


27 


33.5 


34 


25.5 


3 


28 


39.4 


56 


25.4 


16 



Table 2: Conditions for Polymerization of S/B Mid Block Copolymers 



Polymer # 




1 


2 


3 


4 


5 


6 


7 


8 


Step I 




Charge Cyclohexane 


kg 


40 


40 


40 


40 


59.8 


60 


60.4 


40.8 


Charge Styrene 


kg 


10.04 


10 


10.2 


10.1 


15.05 


15.1 


15.1 


10.2 


sBuLi Titration (12 wt%) 


ml 


20 


20 


20 


55 


10 


5 


20 


10 


Excess sBuLi (12 wt%) 


ml 


755 


755 


800 


754 


745 


1065 


1062 


875 


Start Temperature 


DegC 


30 


30 


30 


30 


30 


30 


30 


30 


Final Temperature 


DegC 


55 


50 


55 


55 


55 


55 


55 


55 


Step II ^ 




Charge Cyclohexane 


kg 


170 


165 


165 


200 


198 


283.4 


281 


202.7 


Charge Styrene 


kg 


5.05 


5 


10.02 


18.1 


18.1 


17.12 


17.12 


11.98 


Charge Butadiene 


kg 


17.5 


17.23 


15.5 


15.05 


15.1 


25.6 


25.5 


18 


Charge Diethyl Ether 


kg 


15 


15.1 


15.1 


18.3 


18 


25.7 


25.6 


18.2 


sBuLi Titration (12 wt%) 


ml 


30 


25 


20 


55 


50 


130 


100 


70 


Transfer Step I Cement 


kg 


25.1 


£5.5 


25.2 


30.8 


30.5 


42.3 


42.9 


25.6 


Step I Cement Transfer Rate 


kg/min 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


Start Butadiene Program @ 


min 


10 


10 


10 


10 


10 


10 


10 


10 


Program Butadiene 


kg 


17.5 


17.77 


14.5 


15.02 


15 


25.5 


25.1 


17.8 


Butadiene Program Rate 


kg/min 


0.29 


0.5 


0.5 


0.5 


0.5 


0.5 


0.5 


0.5 


Start Temperature 


DegC 


30 


30 


30 


30 


30 


30 


30 


30 


Final Temperature 


DegC 


55 


55 


55 


55 


55 


55 


55 


55 


Step III 




Program Styrene 


kg 


5 


5 


4.9 


5.9 


5.8 


8.5 


8.4 


4.2 


Styrene Program Rate 


kg/min 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


MeOH Termination (100 wt%) 


ml 


20.2 


21 


20.3 


25 


16 


35 


35 


20 


Start Temperature 


DegC 


55 


55 


55 


55 


55 


55 


55 


55 


Final Temperature 


DegC 


57 


57 


55 


55 


55 


55 


55 


55 


Finished Batch 




Total Polymer 


kg 


50 


50 


50 


60 


60 


85 


85 


60 


Total Cement 


kg 


250 


250 


250 


300 


300 


425 


425 


300 


Solids 


wt% 


20 


20 


20 


20 


20 


20 


20 


20 
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Table 3: Polymer Architecture for A1-B-A2 Polymers 
Polymer Block Size (X 10 3 ) 





Al 


B 


A2 


1 


10.5 


95.8 


12.3 


2 


10.5 


88.1 


12.2 


3 


9.2 


81.4 


9.3 


4 


9.7 


82.6 


10.5 


5 


13.9 


126.9 


17.4 


6 


10.6 


90.8 


11.2 


7 


10.3 


89.0 


12.6 


8 


8.2 


62.3 


7.7 


9 


32 


81.6 


32.8 


10 


29.4 


64.7 


29.8 


11 


24 


59.9 


24.9 


12 


30.3 


102 


32.5 


13 


29.9 


81.9 


32.6 


14 


8.4 


59.1 


7.3 


15 


9 


58 


8.7 


24 


29 


130 


29 


25 


9.5 


80 


9.5 


26 


7.3 


35.8 


7.3 


27 


7.5 


62.6 


7.5 


28 


7.8 


31.5 





Table 4: Polymer Architecture for A1-B-A2 Polymers 



Polymer 


Block Size (xlOOO) 


Vinyl 1,2 
content of 
Butadiene (%) 


Percent 
Styrene in B 
mid block 

(%) 




Al 


B 


A2 






2 


10.5 


88.1 


12.2 


38 


12.9 


3 


9.2 


81.4 


9.3 


35.8 


26 


C-l* 


10 


80 


10 


68 


0 


C-2* 


10 


80 


10 


38 


0 


C-3* 


10 


80 


10 


52.5 


22.9 



* actual block sizes were not measured after synthesis for these 3 polymers, and only target block mol 
weights are given. 



Table 5: Tensile Properties 



Polymer 




C-l 


C-2 


2 


3 


C-3 


Stress (psi) at ! 


50% 


90.5 


154.5 


170.5 


200 


196 


Stress (psi) at 


100% 


127.5 


203 


231 


273.5 


232 


Stress (psi) at 


200% 


173 


278 


312 


401.5 


308 


Stress (psi) at 


300% 


222.5 


383.5 


437 


606.5 


401 


Stress (psi) at 


500% 


367 


778.5 


908 


1304 


775 


Stress at Break (psi) 


Max. Stress (psi) 


3981.5 


4785.5 


4575.5 


4723.5 


4750 


Stress at Break (%) 


Ultimate Elongation (%) 


1396.5 


941.5 


871.5 


756 


1070 


Young's Modulus (MPa) 




2.3 


4.4 


4.7 


5.8 


7.7 


Rubber Modulus (MPa) 




0.32 


0.45 


0.54 


0.67 


0.37 



31 



WO 2005/030812 



PCT/US2004/030936 



Table 6. Conditions for Polymerizations of Low Vinyl S/Bd Mid Block Copolymers. 



Polymer # 




16 


17 


18 


19 


20 


22 


Step I 
















Charge Cyclohexane 


kg 


106 


1 A A 

104 


A/T 

96 


1 AO 

102 


/CA 

60 


100 


Charge Styrene 


kg 


ZD 


26.1 


24 


o c 
ZD 


15 


25.5 


Excess sBuLi (12 wt%) 


ml 


1 1 Hf\ 

1 160 


i 1 z"n 

1160 


1470 


860 


AAA 

yoo 


880 


Start Temperature 


DegC 


n a 

30 


30 


O A 

30 


O A 

30 


OA 

30 


30 


Final Temperature 


DegC 


55 


C A 

50 


55 


55 


55 


55 


Step II 
















Charge Cyclohexane 


i 

kg 


278 


IT) 

273 


O CO 

252 


1 AO i 

193 


1 AO 

193 


194 


Charge Styrene 


kg 


1 ZT A 


32.2 


16.1 


O 1 1 

31.1 


1 O 

12 


31.2 


Charge Butadiene 


kg 


1 / A 

16.9 


10.7 


16 


1 o 

1.8 


12 


1.7 


Distribution Agent 




TVCT7 


DEE 


nBE 


DEE 


UDJVLB 


ODMB 


Charge Dist. Agent 


g 


o 1 AA 

2100 


2300 


4000 


1 TAA 

1700 


1 A f 

10.5 


12.25 


Dist. Agent Concentration 


%wt. 


0.5 


A C 

0.5 


1 A 
1.0 


A C 

0.5 


A AAO C 

0.0035 


0.0035 


Transfer Step I Cement 


kg 


103.5 


1 12.5 


OA A 

50.4 


1 1 A A 

110.4 


£A 
DO 


1 A*7 C 

107.5 


Start Butadiene Program @ 


rnin 


1 A 

10 


1 


1 


1 

1 


-1 

1 


1 


Program Butadiene 


kg 


33.7 


21.3 


32 


14. 0 


22 


14.6 


Butadiene Program Rate 


kg/min 


A 

0.37 


A OC 

0.25 


A C /l 

0.54 


0.24 


A OO 

0.32 


A O 

0.2 


Charge Butadiene Cap 


kg 


None 


None 


None 


A O 

0.5 


1 o 
l.o 


A O 

0.5 


Start Temperature 


Deg C 


30 


30 


OA 

30 


OA 

30 


OA 

30 


OA 

30 


Final Temperature / 


Deg C 


<A 

50 


CA 

DO 


30 


CA 

DO 


CA 

DO 


<TA 

DO 


Step m 
















Charge TEOS 


g 


131.2 


131.2 


139 


97.3 


93.7 


97.3 


Finished Batch 
















Total Polymer 


kg 


88 


87 


80 


70 


60 


70 


Total Cement 


kg 


451 


452 


400 


354 


300 


362 


Solids 


wt% 


19 


19 


20 


20 


20 


19 



Table 7: Analytical Results for Unsaturated S/Bd Mid-Block Polymers 



dymer 


Block I 


Block II 


Block III 


Distribution 


1 5 2-BD 


PSC 


CE 


MFR 


No. 


MW 


MW 


MW 


Agent 








(200C/5kg) 












(%) 


(%) 


(%) 


(g/10 min) 


16 


15.5 


85/31 


15.5 


DEE 


23.5 


42 


>90 


0.6 


17 


15.6 


50/50 


15.6 


DEE 


24.6 


63 


>90 


17.6 


18 


11.7 


75/25 


11.7 


nBE 


22.8 


40 


70 


10.8 


19 


21 


38/69 


21 


DEE 


24.3 


76 


95 


11.7 


20 


12.5 


78/25 


12.5 


ODMB 


23.7 


38.8 


92 




21 


21.2 


36/65 


21.2 


DEE 


32.6 


76 


95 




22 


20.1 


30/65 


20.1 


ODMB 


30 


74 


94 




23 


14.8 


49/49 


14.8 


ODMB 


25 


64.5 


90 
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Table 8 





Polymer #17 


Styroflex BX6105 


PSC (%) 


63 


66 


A/fTTO frr/1 OmirA 

xyxjo av ^g/ jLumin j 


17 7 


in ^ 


onore a xiaruness ^iusj 






xiaze v /oj 


91 8 
1 .0 


^1 ^ 


i ensue 






TS (psi) 


4298 


4338 


Elongation (%) 


950 


734 


75% Mhriiihi3 fn^ft 

Zj^J /O ±VXVJLlU.IllO ^ 


1 59 


49 Q 


^0°/ n IVTrirlnlnc /'nci'^ 
JU/O 1VX\Ju.U.1U.o v^Jol^ 


903 


H-OJ 


100% Modulus (psi) 


255 


524 


200% Modulus (psi) 


366 


760 


300% Modulus (psi) ; 


517 


1122 


500% Modulus (psi) 


917 


2125 


150% Hysteresis 






Recovered Energy (%) 


59.1 


30.7 


Permanent Set (%) 


18.9 


38.9 



Table 9 



Formulation (% 9-1 9-2 9-3 9-4 9-5 
weight) 


Polymer # 15 


20 










Polymer #15FG 




15 


20 






KEATONFG 
1901 polymer 








15 


20 


Nylon 6,6 


80 


85 


80 


85 


80 


Notched Izod Impact Test (foot 


pounds per inch' 


1 


Gate end 


2.05 


20.7 


25.1 


13.2 


21.2 


Blind end 


2.08 


23.6 


25.9 


13.5 


23.1 



Table 10 



Polymer 


Young's 
Modulus 
(MPa) 


Rubber 

Modulus 

(MPa) 


Tg of Mid- 
Block 


2 


4.7 


0.54 


-31.3 


3 


5.8 


0.67 


-22.7 


5 






-12.6 


C-l 


2.3 


0.32 


-31.8 


C-2 


4.4 


0.45 


-37.4 


C-3 


7.7 


0.37 




17 


10 


0.65 


+4.6 


Styroflex 


35 


0.62 




19 






+26 


19* 






+11.5 


20* 






+20.3 
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Table 11 



Ex, 
No. 


Polymer 

g Number 


Solvent 

(g) 


Sulf. Agent (ml) 
DCE/(CH 3 CO) 2 0/H 2 S0 4 


Temp. 

(°Q 


Time (min) 


Sulf. 
mol% 


vn 


120 


#29 


DCE (3334g) 


522/99/37 


50 


40 


39.5 


vin 


100 


#29 


DCE/Ac 2 0 
(3430g/20g) 


158/96/36 


50 


145 


31.1 


DC 


120 


#30 


DCE(3600g) 


209/213/99 


50 


105 


41.2 


X 


120 


#29 


DCE (2334g) 


112/68/26 


50 


45 


28.4 


XI 


120 


#10 


DCE(3334g) 


209/213/99 


50 


105 


37.5 


xn 


120 


#29 


DCE(3334g) 


214/ 129/49 


50 


55 


30.7 


XIII 


120 


#29 


DCE(3334g) 


482/92/35 


65 


15 


35.9 


XIV 


60 


#29 


DCE/PrN0 2 
(lOOOg/lOOg) 


240/46/17 


65 


50 


34.2 


XV 


60 


#29 


DCE/LA* 
(3600g/15g) 


225/ 136/51 


50 


40 


35.5 


XVI 


120 


#10 


DCE(2334g) 


200/204/76 


50 


90 


35.1 


XVII 


120 


#30 


DCE (3334g) 


200/204/76 


50 


160 


39.7 


xvn 
i 


180 


#31 


DCE (3600g) 


278/283/106 


50 


120 


43.8 


XIX 


180 


#31 


DCE (3600g) 


261/266/99 


50 


120 


38.5 



• LA= Laurie acid 

Table 12 



Ex. No. 


Water uptake (%) 


Ionic conductivity (siemens/cm) 


IX 


192 


0.1226 


X 


136 


0.0509 


XI 


351 


0.1376 


xm 


296.5 


0.1278 


XVI 


273 


0.1089 


xvn 


188 


0.1018 


xvin 


196 


0.1291 


XIX 


325 


0.1210 
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What is Claimed: 

1. A hydrogenated sulfonated block copolymer having the general configuration A-B, A-B-A, (A-B)n, (A- 
B-A)n, (A-B-A)nX, (A-B)nX or mixtures thereof, where n is an integer from 2 to about 30, and X is 
coupling agent residue and wherein: 

a. prior to hydrogenation each A block is a mono alkenyl arene polymer block and each B block is 

a controlled distribution copolymer block of at least one conjugated diene and at least one 
mono alkenyl arene; 

b. subsequent to hydrogenation about 0-10 % of the arene double bonds have been reduced, and at 

least about 90% of the conjugated diene double bonds have been reduced; 

c. each A block having a number average molecular weight between about 3,000 and about 60,000 

and each B block having a number average molecular weight between about 30,000 and about 
300,000; 

d. each B block comprises terminal regions adjacent to the A blocks that are rich in conjugated 

diene units and one or more regions not adjacent to the A blocks that are rich in mono 
alkenyl arene units; 

e. the total amount of mono alkenyl arene in the hydrogenated block copolymer is about 20 percent 

weight to about 80 percent weight; 

f. the weight percent of mono alkenyl arene in each B block is between about 10 percent and 
about 75 percent; and 

g. at least 25% of the aromatic rings of the alkenyl arene are sulfonated. 

2. The sulfonated block copolymer of Claim 1 wherein the polymer has from about one sulfonic acid or 

sulfonate group per molecule to about one sulfonic acid or sulfonate group per aromatic ring. 

3. The sulfonated block copolymer of Claim 2 wherein the polymer has from about three sulfonic acid or 

sulfonate groups per molecule to about 50 percent of the aromatic rings having sulfonic acid or 
sulfonate groups. 

4. The sulfonated block copolymer of Claim 2 wherein the mono alkenyl arene is styrene and the 

conjugated diene is selected from the group consisting of isoprene and butadiene. 

5. The sulfonated block copolymer of Claim 4 wherein the conjugated diene is butadiene, and wherein 

about 20 to about 80 mol percent of the condensed butadiene units in block B have 1,2-configuration 
prior to hydrogenation. 

6. The sulfonated block copolymer of Claim 5 wherein the styrene blockiness index of the block B is less 

than about 40 percent. 

7. The sulfonated block copolymer of Claim 6 wherein each block B has a center region with a minimum 

ratio of butadiene units to styrene units. 
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8. The sulfonated block copolymer of Claim 7 wherein the weight percentage of styrene in the B block is 

between about 20 percent and about 70 percent, and the styrene blockiness index of the block B is less 
than about 10 percent, the styrene blockiness index being the proportion of styrene units in the block 
B having two styrene neighbors on the polymer chain. 

9. The sulfonated block copolymer of Claim 4 wherein the weight percentage of styrene in the block 

copolymer is between about 60 and 80 weight percent and the molecular weight of the A blocks are 
between about 10,000 and about 35,000. 

10. The sulfonated block copolymer of Claim 13 wherein between about 30 and about 50 percent of the 

styrene rings have a sulfonic acid or sulfonate group. 

11. The sulfonated block copolymer of Claim 10 having an ionic conductivity greater than 0.08 

siemens/cm. 

12. The sulfonated block copolymer of Claim 1 1 having a water uptake of between about 200 volume 

percent and 300 volume percent. 

13. The sulfonated block polymer of Claim 1 wherein from about 25 percent to about 70 percent of the 

aromatic rings have a sulfonic acid or sulfonate group. 

14. The sulfonated block polymer of Claim 13 wherein from about 25 percent to about 50 percent of the 

aromatic rings have a sulfonic acid or sulfonate group. 

15. A process for preparing a sulfonated block copolymer comprising: 

(1) hydrogenating a block copolymer having the general configuration A-B, A-B-A, (A-B)n, (A-B-A)n, (A- 
B-A)nX , (A-B)nX or mixtures thereof, where n is an integer from 2 to about 30, and X is coupling 
agent residue and wherein: 

a. prior to hydrogenation each A block is a mono alkenyl arene polymer block and each B 
block is a controlled distribution copolymer block of at least one conjugated diene and at 
least one mono alkenyl arene; 

b. subsequent to hydrogenation about 0-10 % of the arene double bonds have been reduced, 

and at least about 90% of the conjugated diene double bonds have been reduced; 

c. each A block having a number average molecular weight between about 3,000 and about 

60,000 and each B block having a number average molecular weight between about 
30,000 and about 300,000; 

d. each B block comprises terminal regions adjacent to the A blocks that are rich in 

conjugated diene units and one or more regions not adjacent to the A blocks that are 
rich in mono alkenyl arene units; 

e. the total amount of mono alkenyl arene in the hydrogenated block copolymer is about 20 
percent weight to about 80 percent weight; and 
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f. the weight percent of mono alkenyl arene in each B block is between about 10 percent 
and about 75 percent; 

(2) dissolving the hydrogenated block copolymer in a solvent; and 

(3) admixing the polymer solution with a sulfonating agent under reaction conditions sufficient to prepare 
a sulfonated block copolymer. 

16. The process of Claim 15 wherein the sulfonating agent is acetyl sulfate. 

17. A process for preparing a sulfonated block copolymer comprising: 

(1) hydrogenating a block copolymer having the general configuration A-B, A-B- A, (A-B)n, (A-B-A)n, (A- 
B-A)nX , (A-B)nX or mixtures thereof, where n is an integer from 2 to about 30, and X is coupling 
agent residue and wherein: 

a. prior to hydrogenation each A block is a mono alkenyl arene polymer block and each B 
block is a controlled distribution copolymer block of at least one conjugated diene and at 
least one mono alkenyl arene; 

b. subsequent to hydrogenation about 0-10 % of the arene double bonds have been reduced, 
and at least about 90% of the conjugated diene double bonds have been reduced; 

c. each A block having a number average molecular weight between about 3,000 and about 
60,000 and each B block having a number average molecular weight between about 30,000 
and about 300,000; 

d. each B block comprises terminal regions adjacent to the A blocks that are rich in 
conjugated diene units and one or more .regions not adjacent to the A blocks that are rich 
in mono alkenyl arene units; 

e. the total amount of mono alkenyl arene in the hydrogenated block copolymer is about 20 
percent weight to about 80 percent weight; and 

f. the weight percent of mono alkenyl arene in each B block is between about 10 percent and 

about 75 percent; 

(2) dissolving the hydrogenated block copolymer in a solvent; and 

(3) admixing the polymer solution with a sulfonating agent under reaction conditions sufficient to 
prepare a sulfonated block copolymer; 

wherein the temperature of the reaction is maintained at from about 30°C to about 50°C. 

18. The process of Claim 17 wherein the sulfonating agent is acetyl sulfate. 

19. The process of Claim 18 wherein the process is a batch process and the polymer concentration in the 

solvent is from about 1 to about 5 percent by weight. 

20. The process of Claim 19 wherein the polymer concentration in the solvent is from about 2 to about 4 
percent by weight. 

21 . The process of Claim 23 wherein the polymer concentration in the solvent is about 3 percent by weight. 
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22. The process of Claim 19 wherein the process is a continuous process and the polymer concentration in 

the solvent is from about 0.1 to about 3 percent by weight. 

23. The process of Claim 22 wherein the process is a continuous process and the polymer concentration in 

the solvent is from about 0.5 to about 2.5 percent by weight. 

24. The process of Claim 23 wherein the process is a continuous process and the polymer concentration in 

the solvent is about 2 percent by weight. 
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1/2 



Figure 1. Monomer distribution in Bd/S block 
of S-Bd/S-S Block Copolymer #3 . 
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Figure 2. Monomer distribution in Bd/S block 
of S-Bd/S-S Block Copolymer 6. 
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Figure 3. Monomer distribution in Bd/S block 
of S-Bd/S-S Block Copolymer #7. 
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